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ARTICLES

SOME RESULTS OF THE PARAMETRIC ANALYSIS OF THE
TECHNICOECONOMIC INDICES OF A POWER PLANT WITH
THE TROL HYBRID AMBIPOLAR REACTOR

N. N. Vasil'ev, I. N. Golovin, UDC 621.039.624
and M, G. Kuznetsov

In recent years, in investigations of engineers on the problem of controlled thermonu--
clear fusion, great attention has been paid to the study of the '"reactor prospects" of ambi-
polar open traps. For this purpose, several conceptual projects of "pure" [1, 2] and hybrid
reactors with both a thorium (TMHR project [3]) and a uranium blanket (TROL project [4]) have
been developed.

In the TMHR project, a detailed parametric¢ analysis was carried out of the principal
design solutions achieved by taking account of the nuclear fuel balance in the power generat-
ing system. This analysis allowed the optimal ratios of -the physics and design parameters
of this power plant to be established, and the factors most strongly affecting its technico-
economic indices to be developed., In the TROL project, a reactor was considered. with a
uranium blanket, in which plutonium is produced. Because of the significantly higher value
of the multiplication factor of the energy in the uranium blanket. by comparison with the
thorium blanket, and also as a result of the use of more conservative concepts of plasma
containment, the parameters of the TROL design were found to be markedly different from the
pdrameters of the TMHR design. The power generation parameters of these reactors are given
below: :

TROL TMHR

Thermal power, MW « o« 4 « o & o o o o s o s « 6500 4000
Electrical power, kW : ’

BYOSS o o o o o o o o o o o o o o o o o o o » 2400 1440

NEL 4 o o ¢ « o o o s o s o ¢ s s s o o o o o 1550 890
Thermonuclear power, MW « & ¢« o « o o o o o & 780 915
Neutron loading on first wall

of central trap, MW/m* . . . . . ... ... 1.0 - 1.5
Power enhancement factor . « ¢ « o o ¢« o o o & 2,25 2.0
Magnetic field, T:

in central trap e s o s e 4 s s s s e e s s 1.1 1.7

in "plugs" e 6 o s s s s s e s s s e . 14 12
Injection energy, keV: .

into central trap + o « o « o o o o o o o o o 20 20

into barrier traps « « o o + o s o 5 o o o - 1400 400
Injection current into

central trap, A . 4 4 4 ¢ ¢ ¢ o s 0 o o o = . 400 350
Injection power into barrier

traps, MW et t 4 e s 6 e s e s e e e 400 670
Uhf-heating power, MW 0 470
Average power, released in -

the nuclear zone of the

blanket per 1 thermonuclear

neutron, MeV « o o ¢ ¢« ¢« o o o s o o o o o« 120 72
Nuclear fuel made per 1 A

thermonudlear NEULTON « « o o o & o o o o o ' 1.5 0.8
Tritium breeding factor « « v ¢ & o ¢ ¢ o« o « & . 1.05 1.0
Nuclear zone coolant . + « « « « « o« o « « . . Boiling water and Helium

" superheated steam

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 211—213, October, 1982, Origi-
nal article submitted May 4, 1982,
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Fig. 1. Dependence of

the purposeful function
on the injection energy
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for different values of

Be and v = 1 (—)
and Yk = 0.5 (—— ).
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In the present paper, we discuss the results of an analysis of the effect on technico-
economic indices of deviations of the parameters of the power plant with the TROL reactor
from their design values.

Choice of Specific Functions for Parametric Analysis. The efficiency of one concept or
another, set as the basis of the power plant, is determined by its technicoeconomical index.
For conventional power stations, this index is the specific calculated cost of the production
of 1 kWh of electric power, taking into account the once-only capital costs and the annual
operating costs. For a hybrid facility, producing power and plutonium, it is difficult to
use this criterion. The most objective estimate of the efficiency of a hybrid power plant
can be obtained by considering the nuclear power generation from hybrid reactors as a whole.
However, at this level of knowledge, in view of the considerable indeterminacy of the physi-
cal and technical solutions and the cost indices of the basic plant, this approach is unjusti-
fiably complex. In the present paper, therefore, for the parameter characterizing the rela-
tive efficiency of the different design solutions, the magnitude of the costs per 1 g pluton-
ium produced was chosen, after taking account of the cost of the electric power generated by
the reactor, C,. The '"pure" costs of the production of plutonium, obtained in this way,
should not give an absolute value, and it is meaningful to consider them only as a certain
factor which will allow different alternatives to be compared, which should not differ too
severely from the "basic" version. In the contrary case, the extrapolation functions used
for the physical and engineering parameters and the limitations imposed on these parameters
may prove to be incorrect. :

Plasmaphysical Model of the Reactor. At the basis of the model lies the procedure de-
scribed in [5]}, but taking account of the spatial nonuniformity of the plasma density in the
barrier traps. '

Cost Indices. The use in the analysis of the economic efficiency criteria of the power
plant bears an additional indeterminacy (in addition to the indeterminacy related with the
inadequate knowledge of the reactor physics), due to the fact that very many capital systems
of the reactor do not have industrial similarities. In order that a unified system of cost
indieces should be used, the indices given in [3] were assumed in the present paper. In this
case, the principal faectors most severely affecting the final result are the specific costs
of the blanket (per unit length), the superconducting magnet system (per kAm), and the injec-
tion systems (per unit intensity of the bunch for different current values). Certain articles
of the costs are almost constant with variation of the parameters (the costs of buildings and
~plant, energy conversion system, etc.).
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Limitations on the Physical and Structural Parameters of the Reactor. The power genera-
tion regime of an ambipolar reactor is determined by more than two dozen parameters., Since
many of them cannot be chosen arbitrarily, limitations are imposed on them, related either
to the plasma containment physics or to the technical feasibilities of creating some other
systems. The optimum values of the injection energy into the barrier traps Ey, the thermo-~
nuclear plasma density in the central trap n., the average particle density in the barrier
traps < nk >, and the neutron flux at the first wall S, do not coincide with the maximum
permissible values. They were computed in the calculations being described.

In addition, in the calculations, we considered the effect of the indeterminacy associ-
ated with the possible anomalous reduction of the plasma containment time in the barrier
traps, which is described by the coefficient yk = Tk/Tﬁl (Tﬁl is the classical time of con-
tainment), and also with the possibility of the onset of MHD-instability, restricting the
limiting values of B.. :

Method of Solution. In the present paper, the parametric analysis is formulated as
finding the minimum value of the purposeful function C, with a defined assignment of one of
the parameters and with different values of the coefficient of anomalousness Yk+ Finding the
optimum value of the function Cp in the presence of limitations is effected by the method of
variable directions, in conjunction with the method of penalty functions [8].

Discussion of Results. The results of the calculations are shown in Figs. 1 and 2.
Figure 1 shows how the purposeful function depends on the injection energy for different
values of B, and yp. Each point corresponds to the minimum value of Cp with respect to the
variable of the parameters for a given value of Ex. It was found that the optimum values of
the parameters investigated are very stable: In the range represented, Exneg ~ 5:10%% cm—?,
<my > = 1.7°10'* ce~® for a coefficient of nonuniformity nﬂax/< n > =2, and S, = 100 W/cm?
with a length of the central trap of 43 m and with a fixed radius of 2.25 m. It can be seen
that the dependence of C, on E is relatively weak, especially for high values of Bee This
provides the basis for further planning, to consider versions with a lower injection energy
by comparison with that stated in [4]. However, C, increases very rapidly (i.e., the economic
efficiency of the power plant decreases rapidly) with reduction of Bc and yy. - If the curve
of the purposeful function Cp versus the power enhancement factors in the plasma Q, calcu-
lated for each version (i.e., different values of B., vy, and Er) is plotted, then all points
lie well on a single curve (see Fig. 2). The values of Q are determined by the necessary in-
jection power and the secondary heating of the electrons in order to obtain the optimum re-
actor parameter stated above. It can be seen from Fig. 2 that with increase of Q the purpose-
ful function falls sharply at first, and then after Q &~ 2 the dependence becomes relatively
weak, This implies that within the limits of the considered concept of containment, any
measures contributing to an increase of Q do not give an appreciable economic effect.

When determining the total costs of individual elements of the power plant, it was estab-
lished that the most expensive systems are the magnetic system and the blanket. Thus, the
capital costs of the blanket with the magnetic system of the central trap (using the cost
indices of [3]) amount to 30% of the costs of the entire power plant. Of the other systems,
the injection and secondary heating systems make an appreciable contribution to the capital
costs.

In the design of a power plant with the TROL reactor, optimistic assumptions were ac-
cepted in relation to the plasma containment in the reactor traps (Be = 0.9; vy = 1). At the
present time, there are theoretical considerations about the fact that "balloon" instability
in the central trap can limit Bc to the level of ~ 0.3, At the same time, as experiments on
the TMX (USA) show, the plasma remains stable even at a pressure appreciably exceeding the
"balloon" limit [7], so that it is difficult to assign an exact value of the maximum permis-
sible value of B, at the present time. Therefore, Bc 1s considered as a free parameter in the
calculations.

When analyzing the experiments on plasma containment in open traps, it was found [7]
that the containment time of particles is a factor of 2 to 3 less than the classical time, and
therefore in the present paper a version with Yk = 0.5 is considered. Estimates of the
absolute values of the capital costs for the TROL facility indicate that even with Be = 0.9
and vy = 1, the use of this reactor may.prove to be economically inefficient., With a reduc-
tion of B, and yy by at least two times, the capital costs increase by a factor of 5-6, which
makes the reactor absolutely unprofitable.
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7 2 q
Fig. 2. Dependence of the
purposeful function on the
power—enhancement coeffici-
ent Q for different values
of Bes Yg» and Ep: O, A
©0) Bey = 0.9, 0.7, and
0.5, respectively, for y, =
1 and Ej = 1200-1500;
®, A, m) same values of
B for yi = 0.5 and Ek
1200-1500. .

The urgent necessity of finding solutions significantly improving plasma containment in
the reactor, by comparison with the classical.ambipolar trap,'is obvious. The use of "ther-
mal barriers' [8] may be shown by some of these solutions. In this case, as calculations
show, it is possible to obtain Q = 10-20 [2, 3] with relatively high parameters of the mag-.
netic system and of the injection system, which would allow an economically attractive re-
sactor even with small values of B, and yy. It is proposed to verify this idea in 1982-1983
on the specially constructed facilities TMX-Upgracle and TARA (USA), and GAMMA-10 (Japan),
and somewhat later on the MFTF-B facility (USA), with the plasma parameters similar to the
reactor parameters., .
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ANALYSIS OF THE ROUTES TO AN ECONOMICALLY
ADVANTAGEOUS REORGANIZATION OF THE VVER-440
FUEL CYCLE

V. D. Simonov, V, I, Pavlov, UDC 621.039.003:621.039.516
and S. F. Popilyuk

Makeup with fresh fuel is stipulated for the VVER—44O once per year. The residence time
of the fuel-element assemblies in the reactor is limited to three runs. Therefore, approx-
mately one-third of the 349 fuel-element assemblies forming the core is replaced with each
recharging. The running time between rechargings usually is calculated on 7000 effective
hours, so that with an average reactor power during the operating period of 85-90% of nominal,
and with a recharging duration of 30 days, the annual utilization factor of the installed
capacity of the power unit amounted to 0.8.

Taking account of what has been said, the fuel cycle (FC) typical for the VVER-440 1is
described in [1]. In it, the average duration of the reactor operating period (700 eff. h)
in shut-down conditions of recharging is ensured with fuel of two enrichments. In the com—
position of the makeup fuel there are 84 fuel-element  assemblies with an enrichment of 3.6%
and 36 or 31 fuel-element assemblies (after odd and even operating periods, respectively)
with an enrichment of 2.4%. Thus, the average enrichment of the makeup fuel is 3,24-3.28%.
The fuel elements with 3.6% enrichment operate for three runs, which on conversion to the
duration of operation of the reactor at nominal power, amounts to 940 eff. days for the
assemblies of the first charge and 875 eff. days in steady-state conditions. At the instant .
of discharging, the average buildup of slags in them amounts to 31.6-29.1 kg/ton U, and in
the most spent fuel-element assemblies it is 34.3-32.9 kg/ton U. The nonuniformity of the
fuel burnup (the ratio of the accumulated slags in the maximum and minimum burned-up fuel
elements) amounts to 1,15-1,20. The greater part of the fuel with an enrichment of 2.4% also
operates for three runs, and in this case up to 27.7 kg/ton U is burned up on average., How-
ever, as 17% of the fuel-element assemblies are withdrawn from the cycle after two runs,
the average burnup over the operating period of ‘the reactor of this fuel is 25.4 kg/ton U,
and the nonuniformity of burnup is 1.6.

In addition to the large nonuniformity of fuel burnup of the fuel-element assemblies
with an enrichment of 2.4% in this fuel cycle (we shall call it the reference fuel cycle —
RFC), it is noteworthy that after three runs the energy potential of the 3.6% enriched fuel
is not completely exhausted: Of every additional (with respect to the 2.4% enriched fuel) 12
kg of 223U contained in each ton, only approximately one-quarter is burned. The reasons for
this are in some way related to the limitations imposed on the recharging periodicity of the
reactor, the fuel burnup, and, consequently, the operating period of the fuel-element assem-
blies, and are also related to the choice of fuel enrichment.

It is logical to suppose that the fuel cycle indices of the VVER-440 can be improved if
a more complete utilization of the energy potential of the fuel can be achieved, primarily
of a fuel of -higher enrichment. :

Two methods for achieving this reserve, which are not connected with structural changes
or the improvement of the physical characteristics of the reactor, seem to be the most possi~-
ble. In using the first method, it is proposed to change the fuel enrichment while maintain-
ing all the other RFC limitations. It will not cause any serious technical problems. The

*

Without taking account of the central fuel-element assembly, which has a special recharging
cycle and is changed after even runs with a burnup of v 16 kg/ton U and six fuel-element
assemblies discharged after the first run with an average burnup of 11.2 kg/ton U.

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 213-218, October, 1982. Origi-
nal article submitted January 11, 1982, :
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second method is associated with definite technical complicatioms, 4§ it stipulates a depar-
ture from certain customary limitations, which are not always essential to the operating con-
ditions. First and foremost, this concerns the periodicity of the reactor recharglng and
the depth of burnup of the fuel. The fuel enrichment can remain unchanged The technical
difficulties can be prevented by reorganizing the fuel cycle on the basis of the second
method. At the same time, its consideration will be advantageous, as it will allow the effect
of certain limitations of the fuel cycle to be assessed and, in the final count, the advan-
tages of the removal of each limitation to be compared with the costs of solving the corre= ,
sponding technical problems,

Before discussing the results of the investigations into reorganizing the fuel cycle by
the first method, we note that the makeup fuel enrichment, necessary for a specified reactor
run, can be provided by fuel-element assemblies of one or a different enrichment. However,
if it is oriented on the enrichment specification accepted for the VVER reactors and it does
not take account of the use of any other fuel then, obviously, a greater flexibility of con-
trol in the composition of the makeup fuel is provided by fuel~element assemblies of a dif-
ferent composition. Moreover, it will be useful to pay attention to the data on the burnup
of fuel-element assemblies with 3.67% enrichment in the reference fuel cycle. For operating
periods equal to 7000 eff. h, with a limitation on the duration of operation of the fuel-
element assemblies to three such runs, the maximum fuel enrichment is chosen much too high.

Taking account of these considerations and also of the undesirability of using a large
diversity of fuel enrichment, fuel cycles were calculated which satisfy all the RFC limita-
tions, but which are more economical. It was found that such a fuel cycle is one with fuel-
element assemblies with an enrichment of 2.4 and 3. 3%, when the composition of the makeup is
varied from run to run with a periodicity dependent upon a three~year period of operation of
the fuel and with the geometrical special features of the core; in this case, combinations
of these fuel-element assemblies are always maintained: 12, 13 and 102, 108; the average
enrichment of the makeup fuel is 3.20-3.21%Z.

In this region of makeup, fuel with 2.4% enrichment was found only in the brackets of
the control and safety rod cassettes. Recorder charts of the fuel charges were formed by
the method in [2], but in this case a further condition of observance of a uniform scheme of
periodic reorganization of the fuel-element assemblies was introduced.

The principal characteristics of this fuel cycle, calculated by the BIPR-5 program [3],
on the assumption that the absorbers of a working group of control and safety rod cassettes
are inserted into the core to 75 cm and are withdrawn from it only after the final withdrawal
of boron from the coolant,+ are shown in Table 1. It follows from Table 1 that the buildup
of slags in the most spent fuel-element assemblies does not exceed 33.1 kg/ton U, and the
average buildup of slags for the fuel-element assemblies with 2.4 and 3.37% enrichment is
established at the level of 26.8-27.1 and 30.2-30.4 kg/ton U, respectively, This is a marked
improvement of the similar indices for the RFC. The fuel cycle being considered is not in-
ferior even according to the value of the coefficients characterizing the nonuniformity of the
power distribution of the reactor.

As transition to this fuel cycle does not increase the constant component of the specific
normalized costs of the production of electric power, in order to show its economic advant-
ages, it is sufficient to estimate the change of the fuel component. This can be done most
clearly if we assume equality of the relative changes of the fuel component and the specific
consumption of natural uranium.i By comparing the data about the consumption of natural
uranium, we see that the fuel component for the cycle with fuel of 3.37 enrichment is less
by 3.67% than for the RFC. This is an appreciable effect, even taking into account that the
fraction of the fuel component in the normalized costs on actual units with VVER according
to the data of [4], is estaimated at 0.25-0.35.

*Obviously, combinations of these methods are also possible., In this case, the technical
complexity of the practical embodiment is a classification criterion.

TThe other results given here are also obtained on thlS same procedural basis and with the
same assumptions.

iThe assumption is valid with the accuracy applicable for a comparatlve estimate, as the fuel
cycle being con31dered differs only a little in enrichment. It leads to an understated esti-
mate.
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TABLE 1. Fuel Cycle with a 3.3%7 Fuel Enrichment '

Reactor charge
Characteristics ;
2 3 4 5 ] 7 8 9 10
. Operating period, eff. days ' 274 | 306 289 289 - 303 291 200 | 302 | 291
No. of makeup fuel-element assemblies 102 108 1 102 102 108 102 102 | 108 | 102
with 3.3 and 2.4% enrichment ) 12 12 13 12 12 13 12 12 13
Coefficient of nonuniformity at start of
run
by power of fuel-element assembliés 1,32 1,28 1,26 1,26 1,27 1,25 | 1,26 | 1,27 | 1,27
‘ volume 1,77 1,78 1,71 1,74 1,69 1,72 (1,73 11,69 | 1,72
Averaﬁe builduonf slags in discharged 21,9 29,8 30,0 29,9 30,0 30,1 29,9 | 30,0 1 30,1
fuel, kg/ton 4 0,4 [30,2]30,4130,4
. R . : — 30,4 30,4 30,2 30 30, , s )
]. . . 3 M i * -
é?]?igl?rlr?g]ltn fuel with 3.3 and 2.4% 21,9 25,0 26,9 27,0 26,8 27,1 27,0 1 26,8 | 27,1
. Average buﬂdtl)l of slaﬁgs in fuel-l;ale- , o= 33,1 32,5 32,5 32,2 32,5 32,3 32,22; ggyg
ent assemblies with greatest burn- ’ p 0,0 29,8 29,7 | 29, y
rﬁ’gj with 3.3 and % 4% %nrichment, 22,8 | 811 24 29,7 30, ’
on .
Nonuniformity of fuel burnup with 3.3. - 1,19 1,16 1,18 1,13 1,09 | 1,17] 1,13} 1,09
and 2.4% énrichment 1,12 1,27 1,21 1,22 1,29 1,23 |1,227|1,28]1,23
- Specific consumption of natural uranium | o911 |.0,860 | 0,869 | 0,863 | 0,868 | 0,863 | 0,860 0,871| 0,863
(eff. days)™! 0,932) | (0,870) | (0,904) | (0,889) | (0,901) | (0,895)

Note., In the first charge, in addition to the 133 and. 102 fuel~element assemblies
with 2.4 and 3,37 enrichment, there are 114 fuel-element assemblies with 1.6% en-
richment, which are discharged after the first run.

Here and in Table 2, the consumption of natural uranium is estimated on the assump-
tion that the enrichment of the tailings amounts to 0.25%; values are given in
brackets for the fuel cycle of [1].

The results obtained confirm the prospects for the considered method of reorganization
of the VVER fuel cycle which, as calculations show, can be achieved without difficulties,
starting from any run of the RFC. It should be added that the reorganization does not impose
additional limitations on the solution of the current operating problems. The possibility
is established in the fuel cycle, in the case of necessity, of both shortening individual
runs by increasing the fraction of fuel-element assemblies with 2.4% enrichment in the fresh
fuel, as well as lengthening the run by the introducing fuel with 3.3% enrichment into the
brackets of the control and safety rod cassettes.

We shall now evaluate the advantages of the second route for reorganization, if fuel
with 2.4 and 3.67% enrichment is used. It seems most reasonable to conduct this analysis by
successively removing the limitations on the burnup and the fuel recharging periodicity.
First of all, let us return to the results of [5], where the fuel cycle of the VVER-440 with
a fuel enrichment of 2.4 and 3,6% is optimized with respect to the economic .criterion and
more than a four-year operation of the fuel-element assemblies is allowed. It follows that
part of the reserve of the energy potential of the fuel with 3.6% enrichment, which is not
used in the RFC, can be used successfully with an annual recharging periodicity and a con-
stant duration of the operating run (7000 eff. h), if the least spent fuel-element assemblies
of this enrichment remain in the fourth year of operation. Transition to a four-year run of
36 of these fuel-element assemblies with the simultaneous reduction of the number of makeup
fuel-element assemblies to 108-109 and an increase of the fraction of the fuel-element assemb-
lies with 3.6% enrichment among them to 83% is equivalent to a reduction of the number of
recharging of this fuel after the run to 3.4 and is accompanied by an increase of the average
time of operation to 900 eff. days. This is expressed beneficially on the natural cost
indices. The average burnup of fuel with 3.6% enrichment increases to 33.8-33.9 kg/ton U,
and the specific comsumption of natural uranium is reduced by 3.5% in comparison with the RFC,
The gain in the fuel component of the normalized costs also will be almost the same, since
the constant component, just as in the previous case, is unchanged. Thus, this fuel cycle
pPromises approximately the same economic advantages as the fuel cycle with 3.3% enrichment.

*This procedure of delaying a part of the fuel-element assemblies to a fourth year of opera-
tion, determined by a duration of the run of 7000 eff. h, does not give an appreciable effect
in the fuel cycle with 3.3% enrichment.
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An addlrional ELIECT CAll DE UDLALIEU Dy LUE ULLELL Uliilsativi Ui Luc iuci—cicwene ecowuwblies

withdrawn earlier from the RFC.

In analyzing this fuel cycle, it is impossible not to touch upon the technical difficul-
ties which may be caused by the transfer of the fuel-element assemblies to a four-year operat-
ing cycle.* The most problematic are questions of the durability of the fuel elements and
also transportation into the cooling pond and storage of the spent fuel.

The existing experience in the bulk operation of the fuel-element assemblies of the VVER
inspires some optimism with respect to the maintenance of the efficiency of the fuel elements
during four runs, when the average buildup of slags in them is greater than in the RFC by
7-117% and by a maximum of 18-20%. It is true that it concerns only regulation conditions and
does not give direct information about the behavior of the fuel in accident situations, which
also must be taken into account. This experience indicates that the annually undertaken
increase (after exhaustion of the reactivity margin on burnup) of the 10-20% effective duration of
the operating time of the reactors in conditions of reduction of power and temperature of the
coolant, which is widespread in the practice of operating the units of nuclear power stations,
leads to an increase of burnup of almost all fuel-element assemblies by 10-15%. For example,
at the Kol'sk nuclear power station, an average burnup in the discharged fuel of v 33-10°
MWedays/ton (v34.3 kg/ton) is achieved, with a burnup of up to 37-10° MW+days/ton in individ-
ual fuel-element assemblies. This has not been accompanied by a loss of pressurization o§ the
fuel elements above the permissible limits. At the present time, these conditions for VVER
are accepted as ordinary and no counterindications are recorded, either from the point of view
of durability of the fuel elements, or from the point of view of operations with spent fuel
at nuclear power stations [4, 6-10].

Even on the understanding that these problems will require additional close study and
that the discussions presented cannot serve as the technical basis for the safe operation of
the fuel-element assemblies above the design period, it can be asserted that such a fuel
cycle is not without promise. There are specific realistic prerequisites to be considered
for the feasibility of its achievement without significant additional costs.

Finally, let us remove at once both limitations involved in the RFC, by simultaneously
postulating that the fuel-element assemblies can function for longer than 940 eff. days with
a burnup above average equal to 31.6 kg/ton U, and that the effective duration of the run of
the reactor between rechargings can amount to less than 7000 eff. h. An analysis of the re-
organization of the fuel cycle on the shortened operating period is not deprived of practical
meaning since quite often, according to the conditions in the power system or some other rea-
sons, the power plants of nuclear power stations are operated with a utilization factor of
the installed capacity (UFIC) of less than 0.8. For example, the average value over many
years of this factor for the Novovoronezh nuclear power station amounted to 0.7 [11], and
for the Kol'sk nuclear power station it was 0.65 [10]. There are similar data also for PWR
reactors: The average UFIC over the whole time of operation cited in [12] is less than 0.73.
For almost one-half of the reactors of this type, it does not exceed 0.7. In these case, when
maintaining an annual periodicity of recharging, it should be directed to an operating period
of less duration. Not taking this into account will lead to an unjustified increase of cost
of electric power, in the avoidance of which the enrichment of the makeup fuel can be reduced
by increasing in it the fraction of fuel-element assemblies with 2.47 enrichment.

But a fuel cycle is found to be more economical in which the fuel with 2.4% enrichment
operates for three runs and the fuel with 3.6% enrichment operates for four runms, and during
recharging about one-quarter of the core is replaced. It is not complicated to convert to
this regime after any normal run of the RFC, e.g., after the first — to a fuel cycle for which
the characteristics are given in Table 2. In this case, the reactor emerges into the steady-
state recharging cycle with a constant interchange scheme of the fuel-element assemblies and
with an operating period of about 6200 eff. h. As the number of rechargings of the fuel-
element assemblies with 3.6% enrichment during the run (1030 eff. days) is increased up to
four, their average and maximum burnup increases by 13-15% in comparison with the RFC. The
coefficients of nonuniformity of power distribution and the spread of the average burnup of
the fuel-element assemblies are found to be small, The specific natural uranium consumption
is less by 7.87% than in the RFC.

*The discussion here will not fall beyond the bounds of the technical aspects. It is inap-
propriate to touch upon the specific questions concerning bilateral commitments of the sup-
pliers and customers of fuel or the guarantees of the TAEA.
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T..olZ - L Z 4t LuvetLuTu UPSLELALE FTLAVU auu YudulUuple KReCldrglng oI tne
Fuel-Element Assemblies with 3.67% Enrichment

Reactor charge

Characteristics -

2 ‘ 3 | 4 l 5 6 7 8 9 10
Operating period, eff. days 274 244 253 261 256 259 256 256 259

No. of makeup fuel-element 78 78 78 78 78 78 78 78 78

assemblies with 3.6 and 2.4% 36 12 13 12 12 13 12 12 13

enrichment o .
; Cgtefst;ifriteg ggnx}onumformlty _

of fuelelement as- | 1,26 1,28 1,28 1,24 1,25 1,27 1,26 1,27 1,27
?g,ﬁgﬁggo flerelement as 1,69 1,68 1,75 1,69 1,65 2,00 1,66 1,66 2,00

)
1 volume
; Average buildup of slag% in dis-

22,4 | 27,6 | 332 | 336 | 336 | 338 | 33,8 | 33,6 | 33,7

charged fuel, kg /torf (22,20 | (30,1 | 29,4 | (29,3) | (29,3) | (28,3)

including in. fuel with 3.6 — 31,7 35,8 34,9 | 351 35,2 | 35,2 35,1 35,1
and 2.4% 22,4 24,9 26,3 24,6 24,2 24,7 24,6 24,5 | 24,7
Average buildup of slags in — 32,0 38,7 37,1 37,4 37,5 37,6 37,4 37,5

2}2&;2&? nt assemplies wit 33 | 83 | B | B | B3I | Bs5 | B3| B3 | Ba
2.4% enrichment, kg/ton U

. Nonuniformity of fuel burnup — 1,05 1,15 1,10 1,12 1,12 | 1,12 1,11 1,10
with 3.6 and 2.4% enrich- 1,06 | 1,10 06 | 1,00 | T,06 | 1,06 | 1,00 | T.06
nt ) ) ) )
Specific consurnption of 0,935 0,891 0,865 0,833 | 0,849 0,845 0,849 0,849 | 0,845
natural uranium, (eff.
days)”t

As a result of this reorganization of the fuel cycle, a significant part (about 30%) of
the loss in the normalized costs can be compensated due to the lower UFIC (because of the
specifiec operating conditions).

A reduction of the fuel component can also overlap the increase of the constant component,
A loss of-1.5-27% in the normalized costs is revealed in the case when the considered- and
reference fuel cycles are compared for identical average charges (80-90% of nominal) during
a run_and with an identical time of standstill of the unit for each recharging (25-30 days
[4]).* Undoubtedly, more frequent shutdowns can create definite drawbacks for the power
distribution systems, into which the nuclear power station is connected, and this must take
into account the specific situation. From the point of view of costs of the production of
electric power, this fuel cycle is interesting. The technical difficulties because of the
deeper fuel burnup in it are not worsened by comparison with the difficulties of the preceed=-
ing fuel cycle.

When operating a power plant with an even lower UFIC (0.5-0.6), a fuel cycle may be
advantageous where all the fuel-element assemblies with 2.4 and 3.6% enrichment operate for
four and five runs, respectively. It allows 15-20% of the unavoidable increase of the nor-
malized costs to be compensated in this case. If, however, this fuel cycle is used for a
reactor with a high (40.8) UFIC, more frequently carrying out makeup, then the loss in the
specific normalized cobsts will be even less (v1%) than that expected in the similar situation
with the previous fuel cycle.

The analysis of different alternatives for the reorganization of the VVER fuel cycle
shows that there are realistic prerequisites for reducing the normalized .costs of the produc-
tion of electric power by a nuclear power station with reactors of this type by 2.5%, The
effect can be obtained both as a result of conversion to the use of fuel with 3,37 enrich-
ment and also by increasing the number of rechargings of fuel of the enrichment used at the
present time. In the latter case, it will be necessary technically to justify the feasibili~
ty of the safe operation of the fuel-element assemblies with a burnup 10-207% higher than
that accepted as permissible.

Since these reorganizations do not require a structural change of the reactor or of the
fuel-element assemblies and do not worsen the physical characteristics of the reactor, they

* R , .
Despite the more frequent shutdowns with the shortened operating period, the reduction of
the UFIC in comparison with that in the. RFC in this case amounts to about 1%.
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can be achieved at any stage of its planning and Operationl. IN1S POSSIDLILILY UL & swouL
adaptation of the VVER-440 fuel cycle to different situations, affecting the economics of

‘electric power generation at nuclear power stations, is exceptionally advantageous.

The authors are deeply greatful to V. A. Sidorenko for interest in the work and for
valuable comments, and also to A. N. Noviko for useful discussions of the problems touched
upon here. ‘
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USE OF NUCLEAR FUEL TO COVER THE
SEASONAL MAXIMUM ELECTRIC LOAD
V. M. Boldyrev, M. V., Sigal, UDC 621.31:621,311,2:621.039

and S. A. Skvortsov

The operation and structure of the generating capacities of united electrical power
systems (UEPS) in the USSR are related to the seasonal nonuniformity of electricity consump-

"tion. The fluctuatioms in electricity consumption are usually very significant. Thus, in

some UEPS the summer minimum in the electrical load curve reaches 307 of the winter maximum.
A forecast of electrical power indicates that the spread in the seasonal load curve will in-
crease. :

At the present stage of development of nuclear power, nuclear power plants (NPP) operate.
only on the base part of the electrical load curve. The seasonal maximum is covered by thermo-
electrical power plants using fossil fuels. At the same time, the increasing total power of
nuclear power plants on line raises the possibility of using nuclear fuel together with fossil

" fuel at the time of the seasonal load maximum,

The operation of a nuclear reactor with seasonal variation of its thermal. power does not
give rise to any special technical problems and is more a problem of economics, since the
use of nuclear power plants for 4000-5000 h/yr with steam turbines will for a long time be
less useful than fossil-fuel-fired stations (even including the increase in the price of
fossil fuel). It may be economically expedient to use mnuclear fuel as well in nuclear thermo-
electric central system (NTES) for seasonal regulation. This proposition is based on simi-
larities of the configurations of seasonal electricity and heat consumption curves. In this
connection, it-is interesting to create NTES with special turbines with back pressure, gene-
rating electrical power only for heating. Such NTES, as will be described. in what follows,
likewise have definite ecological advantages over the first generation NTES, currently being
planned, with TK-type turbines with fixed steam capacity (NTESTK).

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 218-222, October, 1982. Origi-
nal article submitted December 3, 198l.
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The main purpose of the program for constructing NYES and nuclear thermal power stations
(NTP), which has already begun, is to replace in the heating-electrical power sector very
scarce (especially in the European part of the USSR) fossil fuel [1], consumed in large
quantities for producing heat for public and industrial consumers. At the same time, due to
the type of turbine with fixed steam capacity for NTES that are planned and currently being
constructed and the possibility of operating such stations all year at a constant steam flow
rate in the head part of the turbine [2], these NTES help solve-other problems as well, name-
ly, problems of increasing the nuclear base electrical generating power and the problem of
summer maintenance reserve.

Usually, in power systems, power stoppages for planned maintenance are timed to the
seasonal minimum. At the same time, according to the power balance, it ofter occurs that in
addition to.the blocks being serviced, it is also necessary to stop operating blocks, which
are thus forced to participate in the regulation of the electrical load schedule., In many
cases thermoelectric.power plants (TEP) with K-200-130 and K-~300-240 turbines contribute to
such seasonal regulation.

As new nuclear power stations are brought on line, primarily in UEPS in the northwest
and central parts of the country, a situation will occur in the future in which the summer
load decrease will also affect the nuclear power plants. In this situation it will not be
advisable to increase power generation at NTES during a period of no heating (stations with
TK turbines). This will justify the use of TR-type central heating turbines with back pres-
sure in NTES and electrical power generation in such stations (NTESTR) exclusively for heat-
ing in order to cover the fall—winter load maximum. .

Thus, a situation in which it will be necessary to choose one of the following combina-
tions of power sources in order to supply the fixed electricity and heat requirements of a
region is realistic: I) NTEStgp + PB + NPP; II) TEP + NTESpg + PB; III) TEP + NTP + PB + NPP
(PB is the peak reserve fossil-fuel-fired boiler source). :

In the first variant, nuclear fuel is used both for producing heat and generating elec-~
tricity for heating for seasonal regulation of its output.

In the alternative second and third variants, fossil-fuel-fired steam thermal power
stations are used. for seasonal regulation of power generation, while NTES with TK=450/500-60
turbines and NTP are used for generating heat,

The PB sources are included in the combinations listed above due to the necessity for
their operation in combination with heat sources in order to optimize the heat supply system.
The combinations of power sources are supplemented by nuclear steam electrical power plants
due to the necessity of meeting the total fixed -power demand, as shown in Fig. 1.
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It is useful to conmsider in greater detail the specific characteristics of NTES|p enter-
ing into the first combination of power sources.

- First, we note that the absence of TR turbines in the scheme of the low-potential part
[low-pressure cylinders (LPC), condensers] decreases the capifal investment required in con-
structing. the station. both due to the decreased cost of equipment and the decrease in the
amount of construction and assembly work: The layout of the engine room is simplified, it is
not necessary to construct cooling towers which are expensive and require special equipment,
etc. The.system for supplying water to the station itself may also decrease the required
capital investment. For the conditions under which saturated steam turbines are used in
nuclear power plants and NTES, much larger amounts of steam are used than in modern fossil
fuel fired thermoelectric power plants with the same rated capaicity. This in its turn
requires much larger amounts of water in the . turbine condensors than in large state regional
electic power stations and complicates the problem of supplying water for cooling and indus~
trial use due to the uneven distribution of water resources in various territories of the USSR.
Taking into account the fact that NTES by their nature are attracted more to regions where
heat is consumed than to water sources, the decrease in the assured steam capacity of NTES
increases the freedom of choice (quite limited for nuclear power supplies) of area for cons-
tructing the plant. This greatly decreases the economic losses related to dispossessing land,
as well as losses in transporting heat. The maximum effect could be obtained by completely
eliminating condensers, i.e., by installing TR-type turbines in the NTES.

In making a decision to construct NTEStp the characteristics of reverse pressure turbines
should not be forgotten, namely, the close match of electrical power generation to the ther-—
mal loads and thus to climatic factors as well, At the same time, the problems related to
the decreased maneuverability of NTESpp compared to fossil-fuel-fired thermoelectric power
plants, are.technically completely solvable. In particular, when the electrical power gene-
ration at.the NTES deviates from the planned level, a corresponding redistribution in the
heat output.between PBpp and NTESqy or NTESTg operating in the same power system can be ef-
fectuated.. It may also be useful to connect for a short time water—water heat exchangers with
circulating water as the cooling agent into the makeup supply line [3] and to introduce other
measures as well.

A characteristic of NTESpg in contrast to NTESyg is the necessity of switching it into
preheated water boilers (later transferrable into the peak load regime).

While NTESTR.are less universal than NTESTg, they undoubtedly are preferable ecological-
ly. Located near.large cities, NTESrg must have a cooling system with cooling towers, which
are a source of concentrated thermal and steam emissions into the atmosphere. These emis-
sions, as studies have shown [4], are much greater than for any natural process occurring in
the atmosphere.and can generate considerable atmospheric effects (cloud formation, increased
precipitation, . formation of fogs, etc.). NTESqpgp do not have such negative side effects on
the environment, which is especially valuable in connection with the perspective application
of technical solutions that permit placing NTES near the region where heat is consumed (as
done, e.g., in developing NTES based on the VK-500 reactor).

TR-type turbines having the same initial steam parameters as TK turbines can handle a
much higher user heat load. In this connection, NTESpg based on the VK-500 reactor being
developed or some other promising reactors with the same unit capacity could be more widely
used than similar power plants based on a more powerful reactor of the VVER-1000 type. At
the same time, because of the tendency for planners to create large territorial formations
including a group of cities and population centers with total heat load of the order of 10,000
Geal/h and higher NTESpg with VVER-1000 reactors will also find application. It may also be
useful .to create mixed central steam thermal power plants, where turbines of type K and type
TR could.also be used . in the block, e.g., with a vVER-1000 reactor. .Determining the expedi-
ence of using NTESqp is a regional problem. In each case, it must be examined taking into
account the specific conditions under which the power system operates and the structure of
its power-generating capacities.

The conditions for variants I-III being analyzed to be competitive are determined using
the technique of technicoeconomic calculations in energetics by comparing the total computed
reduced. expenditures when supplying the same power in all variants. The criterion for eco-
nomic efficiency in this case is minimum expenditures.
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Evidently, the competitiveness of NTESTR can be ensured if the following conditions are
satisfied: ' '

and

Here Zypps Zqys ZTR’ ZNTP’ ZTEP’ and Zpp are the computed reduced expenditures on power
generation by the power sources being analyzed (NPP, NTESyg, NTESpgp, NTP, TEP, and PB,
rubles/yr); Z¢ are the computed reduced expenditures on transporting fuel, rubles/yr. The
numerical indices indicate the power source combination.

Depending on the problem formulated, expressions (1) and (2) ean be transformed accord-—
ingly. In particular, in the present work, where NTEStg are being examined from the point of
view of the usefulness of including them in seasonal regulation of the electrical load curve
as alternatives to fossil fuel fired sources, it is more convenient to write conditions (1)
and (2) in the form

- Zyep?g * 21r ~ Z1x * Zoy * Zppy ~ ZCpp T ZPByp
“rER = Zypp T ZTR ~ 21k (la)

and

ZTr — Zyrp + Zcy + ZpBp — Z¢rrr ~ “PBrry

ZrEp > (2a)

. oCN
Zrr * Z§TP.

Here Zqpp are the proportionate reduced expenditures on the power generated by the fossil-
fuel-fired thermoelectric power plant, operating in the seasonal regulation mode, rubles/ »
(MW+h); ZE, proportionate computed expenditures on the electrical power supplied by a nuclear"
power plant operating in the base regime, rubles/(MW+h); Zypps ZTRs and Zgg, electrical power
sugplied per year by the nuclear power plant being analyzed, NPP, NTEStr, and NTEStg, MW<h;
ZgTP electrical power consumed over the same time period by the NTP for its own needs, MW-h.

The right-hand sides of expressions (la) and (2a) determine the limiting values of the
proportionate computed expenditures on electrical power supplied by maneuverable thermoelec-
tric power plants, above which these plants become economically less efficient than the
NTESygp being analyzed.

The initial stage in the program for assimilating nuclear heat supply sources (NTES and
NTP) do not yet permit determining uniquely and with sufficient reliability the capital in-
vestment required for constructing them. There is also some uncertainty in estimates of the
reserve expenditures on electrical power. Under these conditions, it is interesting to deter-
mine the competitiveness of NTEStp relative to alternative power sources by varying over a
wide range such indicators as the proportionate capital investment in constructing nuclear
heat supply sources and the proportionate computed expenditures on electrical power supplied
by the NPP and by substituting maneuverable TEP.

In the calculations, the results of which are discussed in the present paper, we examine.
a variant for supplying power to a region whose rated heat load Q = 1500 Gcal/h, which per-
mits performing a technicoeconomic analysis using both NTES and NTP. The base part of the
heat load is supplied-by nuclear sources, while the peak part is supplied by gas- and oil-
fired-boiler sources with KVGM~100 boilers. The base heat sources are either NTESpgr or NTES
with TK-450/500-60 UTMZ turbines or NTP with AST~500 reactor installations. We also analyzed
the use*of TR turbines, consisting of high- and medium~pressure cylinders combined with TK-450/
500-60. The calculations show that such a turbine provides maximum electrical power of 380
MW while supplying 950 Gcal/h, Thus, the computed fraction of the thermal load supplied by
nuclear power sources to the overall thermal load of the region in variants I-III constitutes:
arr = 0.63, apg = 0.60, and aytp = 0.57.

* ' S
The structure and the useful unit capacity of turbines for NTESpp should be analyzed separate-
1ly. :
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The electrical load of the adjoining region in all variants was assumed to be identical,
Its variation over the course of a year and the fractional participation of power sources
entering into combinations I-III in covering the load correspond to the data presented in
Fig. 1. The utilization factor of the rated capacity of the nuclear reactor for nuclear
power plants and NTESTK is ¢ = 0.8, which corresponds to the technically and economically
well-founded regime of its operation [5].

The calculations were performed for the climatic conditions of the central region of
the European part of the USSR. The fraction of the load used for hot-water supply in the
total thermal load of the region was taken as 0.2 NTESTR and NTESpy based on VVER-1000 and
VK-500 reactors were examined. In doing so, we took into account the difference in the dis-
tances between the nuclear power source and the region where the heat is consumed determined
by radiation safety. The specific capital expenditures were varied in the range 300-500
rubles/kW* for NTESpy and 120-140 thousand rubles/(Gecal/h) for NTP. The total capital in-
vestment in NTESqg with the same thermal reactor power as for NTESqy was reduced, according
to estimates, by 14.2 million rubles per turbine unit. This sum included only the minimum
expected difference in capital investment, related to the absence of low-pressure cylinders,
condensers, and cooling towers. In this case, the savings owing to the lower cost of the
first fuel loading, lower construction costs due to the smaller size of the engine room, as
well as more favorable than in variants with NTESqg, possibilities for choice of location,
were not included (resulting in a definite disadvantage for variants including NTEStR). The
technicoeconomic operational indicators of nuclear sources, which together with the capital
investments determine the computed reduced expenditures on power generation entering into
(1) and (2), were determined from completed projects.

The results of calculations determining the competitiveness of variants incorporating
the use of nuclear and fossil fuel, respectively, for covering the fall—winter maximum elec-
trical load are presented in Fig. 2 for the case of heat supplied by NTES. The conditions
for equal economic efficiency correspond to equality of the left and right sides of expres-
sion (1). Economically preferable combination of power sources, including NTESqy, for which
fossil fuel is used to cover the seasonal maximum in the consumption of electricity, is
gsituated below the straight lines, while the region of economically preferable combination of
power sources including NTESyg, for which the seasonal maximum is covered with the help of
nuclear fuel, is shown above the straight lines.

As follows from the dependences shown in Fig. 2, even for the specific computed expendi-
tures already attained at the present time for nuclear power plants Zg = 14.5 rubles/MW-h,
the use of NTESq is economically justified beginning with Zqpp = 19 rubles/MW-h). 1In the
future, when nuc%ear power plants with high unit power (e.g., 5500 MW and then 2400 MW) are
assimilated, as well as with the introduction of multiblock plants, Zg will decrease. The
limiting value Zyppp determined by expression (la), will decrease correspondingly.

. The data in Fig. 2 concern the variant of NTESqy based on the VK-500 reactor. For the
VVER-1000 reactor, the nature of the dependences will be analogous to that shown but in the
range of variation of Cg4 and Zy examined, the limiting values of Zygp will be lower (due
to the difference in the technicoeconomic indicators for operation of the reactors). For ex-
ample, for Cgp = 300 rubles/kW and Zg = 14.4 rubles/(MW+h), the limiting value of ZTEP is of
the order of 17.5 rubles/(MW*h). '

It is easier to see the economic efficiency of NTESyg if as an alternative we examine
a combination in which heat is supplied by NTP. Multivariant calculations using (2a) showed
that even with the least favorable, for NTESygp, combination of parameters being varied, its
use is economically justified already for Zqpp of the order of 8 rubles/(MW<h) and higher.

In evaluating the results obtained, it should be kept in mind that for coal-fired thermo-
electrical power plants with K=200-130 and K-300-240 turbines and the K-500-130 turbine being
developed, for a fuel cost expected in the near future not lower than 34-36 rubles/ton per
turbine unit, the specific computed expenditures on the electrical energy supplied when these
power plants operatein.theseasonal.regulationmode is of the order 0f19.5 rubles/(MW-h) and higher.

Thus, based on what has been said above, we can conclude that the creation of NTES with
turbines with back pressure is promising and economically efficient.

* . . . ' . ,
Referred to maximum electrical power in the heat-supply operational regime.
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Fig., 2. Conditions for equal
economic efficiency in utiliz-

% ing nuclear and fossil fuel for
N covering the seasonal peak elec-
trical load as a function of the
specific computed expenditures
on supplying electrical power by
nuclear power plants (ZE) and
maneuverable fossil-fuel=fired
thermoelectric power plants TEP
fr (Zpgp) for the following specif-
! PN ] ic capital investments (Csp) in
O les/omW-n)  NTESpy, rubles/kW: 1) 3003 2)

E 325;°3) 350.
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It is also very important that NTESpp with the same power output as alternative variants
will permit replacing an additional amount of fossil fuel (up to 610-690 thousand tons per
turbine unit) and, in addition, from that part of the fuel-power balance where nuclear fuel.
is not presently being used. Thus, one of the most important problems of power engineering,
namely, replacing fossil fuel by nuclear -fuel in the fuel-energy balance of this country, can
be largely solved. :
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MEASUREMENT OF FUEL BURNUP IN VVER-365
AND VVER-440 FUEL-ELEMENT ASSEMBLIES
BY GAMMA SPECTROSCOPY

B. A. Bibichev, V. P. Kruglov, : UDC 621.039.524.4
V. P. Maiorov, Yu. M. Protasenko, ' ‘

M. A. Sunchugashev, P. I. Fedotov,

and A. F. Shvoev

The improvement of programs for calculating fuel burnup in a VVER core requires experi-
mental data on the distribution of fuel burnup and fission products over the height and cross
section of fuel-element assemblies (FEA), Such experimental data for VVER~70 and VVER-210
FEA obtained by gamma spectroscopy are presented in [1-3]. Calculated values of the average
fuel burnup in VVER-440 FEA are compared in [4] with experimental data obtained by monitoring
the coolant temperature in the assemblies. In the present article we present experimental
and calculated distributions of fuel burnup over the height of several VVER-365 and VVER-440
FEA L) . ’ ’ ‘

Four VVﬁR—BﬁS and three VVER-440 FEA from the Novovoronezh nuclear power plant (NVNPP)
with various fuel enrichments and various irradiation histories were examined (Table 1). 1In
none of the runs were assemblies DR-3 No. 80, RP-3 No. 223, RI-2,4 No. 03, and RI-3,3 No.

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 222-224, October, 1982. Original
article submitted November 18, 1980; revision submitted January 28, 1982, -
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E 1. Principal Operating Data of FEA

Examined
Initial - Total
Numb et in S| a0
1 : irradia -
umber of FEA %SU, 7 Type of reactor| 251 O Ejﬁm' 2t
ays
DR <3 X 80 3 VVER -365, 1 31
11 unit. v
RP-3 Ne 223 3 o 4 819
OI-3M-5 12| 3 " om 3 929
RI-2,4.0% 03 2,4 " = 4 1239
RP-3,3 N2 71A | 3,3 'VVER -440, 1 320
| 111 unit
R-3,6 Ne 213 3,6 VVER -440. 3 1032
) IV unit.
R-3,6 \e 216 3,6 v 3 1032

Fig. 1. Chart of positions of fuel elements
examined (shaded) in FEA R-3,6 No. 216.

71A located at the core edge (outside row) or adjacent to a reactor power control FEA. 1In

the first run FEA R-3,6 No. 213 and R-3,6 No. 216 were located at the core edge, and during
all three runs 0I-3M-5 No. 12 was located adjacent to a reactor power control FEA. The FEA
were cooled for 1-2 years before measurements were begun.

The measurements were performed in a protection cell at the NVNPP. To eliminate self-
absorption of gamma radiation the FEA were separated into individual fuel elements before
measurements were begun. Only 26 of the 126 fuel elements in each FEA were examined. Several
fuel elements of each row were selected for measurement (Fig. 1). Gamma spectra of fission
fragment nuclides were measured every 25 cm along the height of these fuel elements, starting
at 12.5 cm-from the lower end of the fuel element (bottom of the core).

The measuring equipment (Fig. 2) consisted of a three-section slit collimator, a Ge(Li)
detector, and spectrometric apparatus., The first section of the collimator was located in-
side the protection cell on the FEA dismantling table, whose height is continuously adjustable.
The collimator slits of the first and third sections were 2 mm high, and the second slit was
6 mm high, The collimator was aligned optically by using a cathetometer.

The efficiency of the measuring equipment was determined by using one of the fuel ele-
ments of each FEA under study as a standard source. At the end of the measurements a sample
was cut from the standard fuel element at one of the positions of measurement in the middle
of the fuel element. The sample was dissolved, and the concentrations of U, Pu, Am, Cm and
13705 were measured. The *®7Cs concentration at the n-th point along the height of the fuel
element being measured was calculated from the relation
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Fig. 2. Schematic diagram of measuring equipment: 1) table
for dismantling FEA; 2) centering bushing; 3) fuel element:
4) fuel element holder; 5~7) sections of collimator 8) Ge(Li)
detector; 9) detector shield. '
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where S;5; and So are the areas of the '®7Cs photopeaks in the spectrum of the fuel element
being measured and in that of the standard fuel element; F,3, is a factor taking account of
the decrease of '*7Cs during irradiation and cooling of the fuel element being measured; Co
is the '?7Cs concentration in the standard fuel element, atoms/g of initial uranium. The
values of S;3; and S, were calculated with the program described in [5]. The fuel burnup was
determined from the following relation [6]:

Te TW_"CEH 103
T — ?
NAYl’%H ’ . (2)

where W0 is the fuel burnup in kg/ton of U; M® is the average molar mass of the fissioned
nuclei; Y% is the effective yield of '37Cs for the mixture of fissioned nuclei; Ny is Avoga-
dro's number,

W was calculated by assuming that the values of Yis; in the fuel element being measured

. (at all points along its height) and at the middle of the standard fuel element are identical.
Since the cumulative yields of *®7Cs from the fission of 235y, 2°°Pu, and 2“'pu by thermal
neutrons, and 2%%U by fast neutrons, differ by only 7% [7], the contribution of each fission-
able isotope to Y25, can be taken into account only approximately. YR®3, for the standard

fuel element was determined from the concentration of the isotopes of U, Pu, and the trans-
plutonium elements [6]. The error resulting from the approximate calculation of Y25, was

less than 1.57% for all FEA examined. The total error in the determination of WO was 3.5-6%
for fuel elements from various FEA. The largest contribution to this value was introduced by
the reproducibility of the measurements of the standard fuel elements (1.5-2.0%) and the re-
producibility of the measurements of the fuel elements being examined (l.S—S,O%). The poor
reproducibility of the measurements of the fuel elements for FEA was due mainly to the partial
disintegration of the pellets in these fuel elements. 1In calculating the total error the
technological spread.of the density of the pellets in unirrddiated fuel was also taken into
account. The contribution of this effect to the total error was 1.2%.

The measured values of W@ in 26 fuel elements of one FEA were used later to calculate:
» the average value of the burnup at a given point along the height of the assembly. 1In

W
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Calculated and Experimental Val-

Burnup, kg/ton of U %?‘Q:ltégr_l

Number of FEA lated from

calculated | measured | (IEETCH,
DR-3 N 80 12,7 11,9:£0,5 +2
RP -3 Ne 223 30,2 26,7+1,0 -+12
0T -3M-5 Ne 12 34,1 33.141.3 42
RI -2,4 Ne 03 41,6 36,1+1,4 +15
RP -3,3 Ne T1A 14,3 16,040,6 —11
R3,6 N 213 32.7 31.1%1.0 45
R3.6 Ne 216 34.3 32,9411 44

ﬂ,.?: /{oo—o—o-o,k{Rﬂg% 5 MR};JM]A
g,:,i—?lj111111R|P!i,f:1|1111|||?l '
E g9 MW@ 2 Rz
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2 172 ) i T T N A B A A 74 IR AR AR AR A I
- o RIZAHW " 12545467847
991 4 Position along height
17 N N T A WIS A S b

127456786970
Position along height
a

Fig. 3. Calculated ( ) and measured (O)
distributions of fuel burnup as functions’of
height along an FEA of a) VVER-365; b) VVER--
440 reactor.

calculating W* it was assumed that it varied only radially with the distance between the axis
of the FEA and the axis of the fuel element; the azimuthal dependence was neglected [2]. The
error in determining W® was 3-47% for the various FEA.

Figure 3 shows the experimental and calculated distributions of the relative values of
the fuel burnup along the height of the FEA examined. The values of the burnup were calcu~-
lated by using the BIPR-4 and ROR-2 programs [8] at the NVNPP. The relative values of the
burnup were obtained by normalizing the calculated and experimental values of the fuel burnup
at a given point along the height of the FEA to the calculated or experimental average value
of the fuel burnup in the given assembly. Figure 3 shows that for all FEA except 0I-3M-5-
No. 12 the calculated and experimental values of the burnup agree at all heights except near
the ends. At the ends of FEA the difference between the calculated and experimental relative
values of the burnup reaches 30% (RI-2,4 No. 3, 0I-3-M-5 No. 12, and R-3,6 No. 213) and the
calculation systematically overestimates the burnup. The average difference between the
calculated and experimental relative values of the burnup at the first and tenth points along
the height was 15% for all FEA examined. The difference between the calculated and measured
values of the burnup at the ends of FEA is possibly related to the error in calculating the
logarithmic derivatives of the slowing-down neutron flux at the fuel-reflector boundary and
the deviation of the neutron spectrum from the asymptotic form.

For element OI-3M-5 No. 12 the calculations overestimate the values in the lower part of
the FEA, and underestimate them in the upper part. This can be accounted for by the fact
that in all three runs the assembly was located adjacent to a reactor power control FEA.: In
the calculational model it is assumed that the neutron flux in the transition region between
the absorber of an assembly of control and safety rods (CSR) and the fueled portion is small
in comparison with the neutron flux in the fueled part, and that the 12th group of assem--
blies of CSR is always at a height of 150 cm during reactor operation at power. Actually the
neutron flux in the transition region between the absorber and the fueled part of a CSR
assembly is not negligibly small, and in addition the assemblies of the 12-th group of CSR
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are gradually withdrawn from the core toward the end of each run. These approximations of
the computational model can explain why the calculations underestimate the fuel burnup in the
upper part of element OI-3M-5 No. 12 at the seventh, eighth, and ninth points along the
height.

Table 2 shows -that the deviation of the calculated from the experimental values of the
burnup in the FEA examined varies from 2.0 to 13%, and the average difference for the seven
FEA is 8%. It should also be noted that for FEA which have been irradiated in three runs
(0I-3M-5 No. 12, R-3,6 No. 231, and R-3,6 No. 216) this deviation is appreciable smaller.

Thus, a comparison of the calculated and experimental distributions of fuel burnup in
VVER~-365 and VVER-440 FEA showed that at the end portions systematic deviations of the cal-
culated from the measured values reach 30%. In addition, for individual FEA the deviations
of the calculated from the experimental values of the average fuel burnup exceed the experi-
mental errors. Therefore, further accumulation of experimental data on the distribution of
fission products and fuel burnup over the height and cross section of FEA is necessary for a
more detailed check and correction of the programs for calculating fuel burnup.
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TRITIUM CONTENT IN WATER SYSTEMS OF A REACTOR

OF THE FIFTH UNIT OF THE NOVOVORONEZH NUCLEAR

POWER PLANT

. P. Kruglov, V. M. Ilyasov, UDC 621.039.524.44
» G. Golubchikova, B, N, Mekhedov,

« N. Sukhotin, S. V. Popov,
. M. Arkhipkin, and A. G. Babenko

<L H<

The sources of tritium in the VVER-1000 reactor are reactions of the ternary fission of
fuel, reactions with fission products and with *°B flowing into the coolant and control de-~
vices, and reactions with deuterium and the lithium contaminant entering the coolant with the
chemical reagents KOH and HsBOs [1, 2].

Table 1 lists the amounts of tritium formed, calculated by using known parameters of the
VVER-1000 reactor [3] and data on the yields of tritium, °He, ®He, and °Li per uranium fission
[4]. The rate of formation of tritium was calculated by using the values of the thermal
neutron flux ¢, and the fast flux g ¢ (E) dE. averaged over the volume of the reactor. The

’ D

fact that the fast neutron spectrum in the VVER core is close to the ?*°U fission spectrum
[5] was taken into account. In this case the neutron fluxes can be found from the following
relations:

N?G@r = Wny; (l)

Translated from Atomnaya ﬁnergiya,'Vol. 53, No. 4, pp. 225-227, October, 1982. Original
article submitted January 11, 1982,
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TABLE 1. Formation of Tritium in the :
VVER-1000 Reactor During a 300-Day Run

Source of tritium Amt, of titium

formation Nuclear reaction

Bq %
Nuclear fuel ‘Tzesrsnary fission of | 3,56-1014 [-75,7
U
Temary fission of 3,59-101% | 7.6
3He (v, p)2H 3,33-4011 | 0,08
SHe, SLi 1,81.1012 | 3,9
sHe - — —> B1:}
CHe G —grs - b
Chemical reagents **B (n, 2o) °H 1,89.1013 4,0
in coolant 17Li (n, an)3H - 3,7-1010 % 0,01
SLi(n, a)*H 4,07-1013%| 8,7
Natural deuterium| 2H (n; y) *H 1,48-1011 0,03

in coolant

*The experimental value of 0.2 mg/liter
for the concentration of lithium in the
primary loop was used in the calculation.

NG, 5 ¢ (E)dE=Wns, | )
0

where Ns and Ng are, respectively, the numbers of 233y and %°°U isotopes in the reactor; scf
is the 23U thermal neutron fission cross section; °Gg, the ?°°U fission cross section aver-
aged over the ?°U fission spectrum; W, the thermal power of the reactor; ns and ns, the
numbers of 22U and ?°°U fissions necessary to obtain a unit of energy; ns and ng, were calcu-
lated from the equations

1
a=-'rt—“——5(v8-—1—a)+1;

5 V (3)
1=nyE;+ngE,. 4)

Equation (3) is taken from [6]. The numerical value of the fast fission factor ¢ was found
by the method of [7]; vs and ve are the average numbers of neutrons per fission of *?°U and
238y, respectively; a is the ratio of the effective radiative capture cross section to the
238y fission cross section; Es and Eg are the energies liberated per fission of *°%U and 2°°U.
The formation of tritium in the reactions '°B(n, 2a)%H and *H(n, y)°®H was calculated by the
method of [1], using 5.5 x 10”2 day~! for the decontamination factor of the coolant from
deuterium as a result of leakage, which corresponds to a coolant leakage rate of 20 m®/day.
The amount of tritium formed in reactions with lithium was found for lithium of natural iso-
topic composition with an average concentration of 0.2 mg/liter in the coolant of the primary
loop. ’

This permits an upper estimate of the tritium yield from $Li, since the relative content
of °Li is decreased during reactor operation as a result of the formation of ’Li in the reac-
tion '°B(n, «)’Li and the burnup of *Li [8].

Table 1 shows that 87.3% of the total amount of tritium formed in the VVER-1000 reactor
comes from the. fuel elements, and the remainder mainly from boric acid (4%) and the lithium
contaminant (8.7%). A study of the dynamics of the tritium content in the water system of the
first unit of the Novovoronezh nuclear power plant (NVNPP) in which there is only rod control
of power i.e., no formation of °H from B and Li, permitted an estimate of the tritium escape
“from fuel elements into the coolant; 0.12% of the tritium formed in the ternary fission of
uranium, which amounts to ~4.8 x 10'' Bq per 300 days for the fifth unit. A comparison of
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this value with the amount 6f tritium formed from boron and lithium in the coolant (Table 1)

shows ‘that boric acid and the lithium contaminant make the main contribution to the tritium
in the water systems of the reactor.

From the moment of startup of the fifth unit of the NVNPP with VVER-1000 reactors the
concentration of tritium in the coolant of the primary loop and in the tanks of the water
supply system was measured systematically by a liquid scintillation method, using an SBS-2
set-up. Figure 1 shows data on the power of the fifth unit, the HsBOs; concentration, the
tritium concentration in the primary loop and in the tanks of the water supply system during

the period from May 1980 to May 198l. The frequent unloading of the unit was necessitated by
dynamical tests and equipment repait.

Figure 1 shows that during reactor operation at nominal power the tritium content in the
primary loop increased to 4.1 x 10° Bq, and varied considerably with time. This variation
correlated positively with the power level and negatively with the boric acid concentration
during normal reactor shutdowns. This can be explained by the fact that during shutdown part
of the coolant is replaced from tanks of fresh boric acid solution, while during power produc-
tion water lost. from the primary. loop is replaced from tanks of the makeup system. This
process can be described by a system of first degree differential equations for the tritium
concentration in the primary loop, the tanks of boric acid solution, and the pure condensate
tanks [1]. The solution of this system of equations can be written in the form

where C%(O) and C%(O) are the tritium and HsBO; concentrations in the coolant of the primary‘
loop at the instant of reactor shutdown, Cp and Cg are the tritium and HsBO;. concentrations

(5
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in the boric acid solution tank, CB(T) is the maximum concentration of H3BOs; in the primary
loop during shutdown; Cp (z') is the H3BOs; concentration in the primary loop at the instant
the reactor startsAproduc1ng power, and C¥ is the tritium concentration in the makeup water.

The rate of water exchange during reactor shutdown was calculated from the change in the
boric acid concentration in the primary loop. The results of the calculations of the tritium
concentration during water exchange are in good agreement with experimental data (Fig. lc).
This procedure permits a prediction of the change in tritium concentration in the coolant
during normal reactor shutdowns.

Measurements of the tritium concentration in the water supply system show high values in
the pure condensate tanks (0.37-1.5) x 10° Bq/liter, in the boric acid solution tanks (0.74-
1.5) x 10° Bq/liter, in the control tanks 7.4 x 10° Bq/liter, and in the liquid wastes set-
tling tanks (3.7-7.4) x 10° Bq/liter (Fig. 1d). Thus, after a year of operation of the VVER—
1000 reactor at power, the tritium concentration in the coolant reached a level of 4.1 X 10°
Bq/liter. The appreciable time variations of the tritium concentration can be accounted for
by the exchange of water between the primary loop, the boric acid solution tanks, and:the
pure condensate tanks. The rapid water exchange while the reactor is developing power, and
the resulting rapid spread of tritium through the water supply system, shows the necessity of
developing measures to localize the tritium in order to ;mprove the radiation environment and
to solve ecological problems.
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PROBLEM OF PREDICTING THE RADIATION
CONDITIONS IN AN ATOMIC POWER STATION

A. M. Luzhnov, V., P. Romanov, UDC 621.039-78
R. F. Tagi-Zade, and S. G. Tsypin

The authors of [1-3] have described a method of calculating the dose rate of the y-radia-
tion from heterogeneous cylindrical and spherical sources. The reliability of the results
obtained was assessed in comparisons with calculations made with the Monte Carlo method. 1In
predicting the radiation conditions in an atomic power station with the aid of the LUCh-1 and
LUCh-2 programs using.the above technique, a computational model must be designed, i.e., the
radioactive components of the equipment must be represented by a set of cylindrical and
spherical sources. The extent to which a well-designed model reflects reality can be assessed
by comparing the calculations with experimental results.

The present article reports on examples of using the method in problems of practical
importance. Computational models are described. The results of the calculations are compared
with experimental results,

Predicting-the Radiation Conditions in the Instrument Section of the Atomic Power Station
Block of the VVER-1000 Reactor. During the start-up of the energy generation of the fifth
block of the AVAES power station (atomic power station block with the VVER-1000 reactor),
the distribution of the y-radiation exposure dose rate in the steam generator and the tube
duct corridor was obtained. The measurements were made with a DRGZ-03 dosimeter.

The main radiation of the coolant stems from the radioactive '°N nuclide whose concen-
tration in the.coolant is directly proportional to the thermal power of the reactor. When
the reactor is operated at low power (the measurements were made with about 1%.of the power),
power fluctuations can occur and the fluctuations imply that changes in the distribution of
the specific activity of the coolant in the circuit occur in the course of time, The specific
activity of the coolant is one of the basic initial data for the calculations. A comparison
with calculations is possible only when the experimental data correspond to a known activity
distribution of the coolant in the circuit.

The change in the specific activity of the coolant within the second main circulation
loop (ML-2), in which all the measurements were made, was checked with the aid of a loop
monitor [4]. The loop monitor continually determined changes in the specific activity of the
coolant. This information then made it possible to analyze the experimental data.

All experimental points were divided into groups each of which is characterized by a
certain direction Zn in space (n = 1-4; see Figs. 1 and 2). Some of the experimental depen-
dencies obtained at various heights h reckoned from the 23.10 mark correspond to each direc-—
tion Z,, Z,, and 5.

Several series of measurements were made for specific 7, and h values: The time required
for making one series of measurements did not exceed 1-2 min. By using the monitor, the
measurements were started at the moment in which the specific activity of the coolant in ML-2
had become stable. Furthermore, before and after each measurement series the exposure dose
rate at the reference point P, was checked with the DRGZ-03 dosimeter. The reference point
Py was situated on the surface of the thermal insulation of the Du-850 tube duct (see Fig. 1).

When the results of the measurements were evaluated, series for which the initial and
final dose rate values at the point P, differed by more than 10% were rejected. 1In this
fashion each series of measurements was set in corespondence to a certain value of the dose
rate at the point P,. When the initial and final values differed by less than 10%, the aver-
age value was employed. It was therefore possible to normalized all the series to a single
dose rate of 2.2-10~% pA/kg at the point P, (this value will be denoted by Xo). This is

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 227-230, October, 1982. Original
article submitted January 29, 1982; revision submitted April 6, 1982.
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Fig. 1. Scheme of the measurements in the region of the reactor.

Fig. 2. Scheme of the measurements in the main circulation pump.

equivalent to reducing all experimental data to a single distribution of the specific activity
in the ML-2. After normalization and after averaging over the. results of the measurements

at identical;points and calculating the statistical error, final distributioms are shown in
Figs. 3 and 4 were obtained. ' :

The specific-activity distribution in ML-2, which corresponds to the experimental data
shown in Figs. 3 and 4 was determined with Xg, i.e., the dose rate value at the reference
point. The position of this point makes it possible to confirm that the dose rate at the
point is produced entirely by the neighboring section of the Du-850 tube duct. The other
points are either far away or their radiation is shielded by some construction elements. It
was therefore possible to use the PEGAS-4 program [5], which executes the Monte Carlo tech-
nique in cylindrical geometry, to calculate Xe, i.e., the dose rate value at the point Po
for the case. in which the specific activity of the coolant (Qp) in the adjacent section of
the tube duct is 1 Bq/cm®. Thereafter the formula

Q4= QpXe/Xp

was used to determine the specific-activity value of the coolant in the Du-850 tube duct.
section adjacent to the point Po. This specific—activity value corresponds to the dose rate
Xe at this point: ’

Qo=(3.5 4 0.5)-10 Ba/cm’,

With this Qo value, with the known coolant flow of 5,28 m’/sec, and with the known cool-
ant dwell time of 2.36 sec in the steam generator, the specific activity of coolant in any
section of ML-2 can be assessed.

In order to calculate the exposure dose rate distribution in the directions 1, (reactor
region) and 7., 13, and 7, (main circulation pump region), various models consisting of ten
and nine cylindrical sources, respectively, were devised. The equipment not only of the
main circulating loop ML-2 but also of the circulating loop ML-1 was modeled for the calcula-
tions pertaining to the reactor region. The specific activity of the sources modeling the
ML-1 section was assumed equal to the activity of the sources modeling the corresponding ML-2

678

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010004-7




Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010004-7
L _ , 5 .

fexp 10° (pA /Kg)

(pA/kg)

\
<
T

A=)

. 3
Poscp!®”.
) -3

LT =
=
T

o
=
T

A

Pex'(pA /kg)

<~y
=

2« 5§ W
Number of the point Number of the point

Fig. 3 " Fig. 4

Fig. 3. Distribution of the exposure dose rate in (a) 7, direction and (b)
1, direction: A,Q, and e refer to the experiment; refers to the
calculations. '

Fig. 4. Distribution of the exposure dose rate in (a) 73 direction and (b)

1, direction: O and e refer to the experiment; refers to the cal-
culations,

TABLE 1. Activity of the Deposits on Steam
Generator Collectors before Deactivation

Average Specific- Average {Specific
. ene{;y activity . eneré activit
Nuclide (t{\llley)of Qs (1077 [ Nuclide (II;/Ie yof Qs (.10 ”
] . the i \
radiation!Ci* /cm _ radigtion Cl Jom
80Co 1,25 1,0 1empg | 0,86 0,22
- 1405 1,1 0,58 857n 0,7 0,35
- 84Mn 0,842 1,5 || Mo 0,21 1,7
58Co 0,5 3,1 103Ry 0,46 0,83
9571 0,73 1,5 | sicr 0,125 | 1.5
59Fe 1,2 0,36

*1 Cci = 3.700-10*° Bq.

sections. All geometrical parameters of the models were determined from the assembly draw--
ings.

Having gathered-all the initial data; the LUCh-2 program was used to calculate the ex-
posure dose rate distribution in all directions under consideration from points which coin--
cided with the experimental points. Figures 3 and 4 show the results of calculations. Ob- .
viously, for all directions before the shield (Z1, 22, 135) and also for the direction behind
the shield (Z,) the calculated curves repeat in their form the experimental curves and the

exposure dose rate values coincide at almost all points with the experimental data within
the error limits,

Predicting the Radiation Conditions in Inspection and Maintenance Work on Steam Gene-
rators of Atomic Power Stations with the VVER Reactors, The steam generators are one of the
main sources of external y radiation for atomic power station personnel performing inspection
and maintenance work [6]. In Russian steam generators used in the atomic power stations with
serial VVER-440 reactors, the major portion of the work is made from the side of the second
citcuit in the region of the collectors (inside the steam generator). The authors of [7]
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Fig. 5. Schematic cut along the horizontal axis of the steam generator: 1) tube system;
2) housing; 3) collector (the asterisks denote the experimental points).

Fig., 6. Geometrical dimensions of the steam generator.

have attempted to predict the dose rate in inspection and maintenance work on the steam gene-
rator in the third block of the NVAES atomic power station: The experimental dose rate values
near the outer surface of the steam generator housing and at inspection points of the inner
surface were stated; a comparison was made with calculations performed with the ray-analysis
technique. But the authors could make the calculations only for the simplest geometrical
configurations, namely for points located in the collectors near the upper part of the steam
generator housing. No calculations were made for points inside the steam generator on the
side of the second circuit, i.e., where most of the inspection and maintenance work is done.

The authors of the present work had to consider the following problems:

1. Based on the experimental data, show the possible use of the ray-analysis technique
for predicting the radiation conditions ruling during inspection-and maintenance work on the
steam generator,

2., Assess the importance of various sources for the development of the y~-radiation field
inside the steam generator.

3, Assess the efficiency of various measures taken to improve the irradiation conditions,

All experimental data on the positions and dose rate values were obtained on one of the
steam generators of the first block of the Kola Atomic Power Station while the block was
shut down.

Figure 5 depicts schematically the steam generator used in the atomic power station with
the VVER-440 reactor. The figure also shows the main points at which people are during
maintenance work. The dose rate values at point 1-15are 50, 200, 300, 150, 150, 100, 150, 100, 200,
350, 200, 150, 150, 200, and 150 uR/sec, respectively (L R=2,58+10"" C/kg). The points are situated
10 cm above the level of the tube system. Two collectors in the tube systemare the y-radiation
sources. During operation radioactive deposits accumulate on the inner surfaces of those elements,
Data on the nuclide composition.of the radioactive deposits are listed in Table 1.

The real geometry of the steam generator is shown in Fig. 6. Additional data for the
calculation: volume fraction of the steel in the space occupied by the tube system — 0.07;
area of the inner surface of the tubes — 2.17-107 cm?®; and total volume occupied by the tube
system — 4,66°107 cm®. The collectors and the tube system of the steam generator are surface.
sources. Only volume sources can be introduced in the LUCh-2 program which we employed.
Therefore, the surface sources were modeled by volume sources with the same total activity.
The conversion of the specific activity was made with the formula Qy = (S/V)Qg. The Qg values
are listed in Table 1 (these values were experimentally obtained for the collectors; the
same values were assumed in the tube system).

All active components of the steam generator are represented by five cylindrical sources.
Each collector is represented by two sources as indicated in Fig. 7. The outer cylinder is
introduced to account for the shielding of the lower collector portion by the tube system.
The mutual positions of the sources are indicated in Fig. 8.
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-Fig. 7. Geometry of the sources used to model the collector of the steam gene-
rator. ' .

Fig. 8. Mutual positions of the sources in the calculations: a) top view; b)
~side view (the cylinders modeling the screening of the collectors (1) by the
tube system (2) are not shown in the drawing).

The results of the calculation coincide with the experimental data within the error
limits (30-40%). It can be concluded from the comparison that the proposed calculation model
of the steam generator is fully adequate for predicting the radiation conditions. An analy-
sis of the computational data shows that the total contribution of the two collectors to the
dose rate does not exceed 0.1%. This implies that in all subsequent calculations only the
tube system should be ‘considered. This makes it possible to obtain correct results on the
basis of a very simple model of the steam generator.

From the viewpoint of practical application it is clear that an improvement in the radia-
tion conditions can be reached by attenuating the radiation from the tube system. Calcula-
tions have shown that in a steam generator filled with water to the level of the tube system
the dose rate is reduced by a factor of 2.6. When, in addition, a 0.5-cm~thick lead shield
is put onto the tube system, the initial dose rate is reduced by a factor of 5.4; when the
sheet thickness is 1 cm, the reduction is by a factor of 8.7. Quantitative estimates 6f the
influence which various factors have upon the radiation conditions are a very valuable result
because the resulting data are not related to the absolute value of the specific activity of
the deposits.
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SMALL STEAM LEAKS INTO SODIUM
IN A REVERSE STEAM GENERATOR

F. A. Kozlov, G. P. Sergeev, UDC 621.039.526
L. G. Volchkov, A. R. Sednev,
V. M. Makarov, and B. I. Tonov

The processes accompanying small leaks of water into sodium for a reverse steam gene-
rator,* as shown in [1], can greatly differ from similar phenomena for a forward steam gene-
rator. In particular, due to the characteristics of the hydrodynamic state arising in a
defective tube in a reverse steam generator, when a water leak appears into the sodium the
rate of damage to the structural materials of the tube both in the immediate vicinity of the
defect and in the zone opposite to the location of the leak can decrease. However, the in-
fluence of such factors as the location of the leak, type of structural material, and the
diameter of the steam generator tubes on corrosive effects were not investigated in [l]. We.
conducted experiments to study these problems and the results are reported in this paper.

A model of a reverse steam generator is shown in Fig. 1. The working tubes with dimen~-
sions15x 2, 32 x 3.5, and 48 x 4 mm (the first number indicates the diameter and the second
indicates the thickness of the wall) had protective casings. The ring-shaped gaps between
the tubes and casings were under an argon pressure of 5.0 MPa during the experiments. In the
initial variant, the entire model was made out of 12Khl8N1OT steel. After the model was
tested for the second stage of the experiments, the stainless steel tubes with diameters of
15 and 32 mm were replaced by tubes made of 10Kh2M steel with dimensions 16 X 2.5 and 33 x 3
mm. Magnetic flow meters were-located at the bottom of the working tubes. We monitored the
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350
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7680
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T 7.
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Fig. 1. Expefimental section:
model of a reverse steam generator.

* v : .
In a reverse steam generator, sodium flows along the tubes and water flows in the space be-
- tween the tubes.

_ Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 231-234, October, 1982. Original
article submitted December 30, 1981.
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sodium temperature with thermocouples at the inlet and outlet of each tube and at thé centers
of the upper and lower collectors of the section. Leak simulators could be placed on the
working pipes at a distance of 350 and 1680 mm from the upper collector. The construction

of the lead simulator is shown in Fig. 2. Its replaceable parts (seat and vdlve) were made
of the same material as the working tube on which the leak simulator was located. The thick~-
ness of the seat of the simulator equals the thickness of the wall of this working tube. A
longitudinal groove, whose cross section had the shape of an equilateral triangle, was cut

on the pivot of the valve. This artificial defect served to create the initial steam leak
into the sodium, the spontaneous development of which we investigated during the experiment.

During the experiments, we continuously recorded: the temperature in the upper and lower
collector of the model; the temperature at the inlet and outlet of the working tube into
which steam was injected; the sodium flow rate through the model and the working tube with
the leak simulator; the steam temperature in the leak simulator; the amount of steam intro-=
duced into the model and its flow rate., We usually terminated an experiment as soon as the
steam leak into the working tube of the model increased spontaneously (>1 g/sec). 1In several
cases, in order to obtain data on the further evolution of the lead after this stage and its
action on the opppsite wall of the tube, we continued the experiment for some time under con-
ditions such that the leak exceeded 1 g/sec. The conditions and the results of the experi-
ments on the model of the reverse steam generator are presented in Table 1 and in Figs. 3-5.
It should be noted that the experiments were performed in the absence of heat extraction
from the working tubes of the models., :

In the model used in the experiments, when the leak through the upper simulator accom-
panied the formation of a steam~hydrogen bubble in the working tube and cessation of the
sodium flow in it, the lead was located under the sodium level and not in the gas bubble. 1In
the experiments, the minimum size of the steam leak leading to cessation of sodium flow in
the 16 x 2.5-mm working pipe constituted A2.10~2 g/sec.

In all the experiments, with the. exception of experiment 10, we observed spontaneous
development of the steam leak independent of the initial leak, its location, and the diameter
of the working tube. During the spontaneous process, two stages can be distinguished. At
the first stage, the changes in. the size of the leak compared to the initial value were not
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TABLE 1. Conditions and Results of Experiments (in all experiments the sodlium and
steam temperature was 450°C; the pressure of the injected steam was 5.0 MPa)

Number of experiments

Parameters . 2
. 1 2 3 4 5 6 1 8 9 10
Steam flow, gAec 12Khi8NIOT 10Kh2M _
initial 1 0,002 0,006 0,006 0,023 0,009 0,008 0,32 0,002 0,008 0,9
maximum " 0,22 1,1 . 2,95 0,37 0,32 1,64 3,e 6,61 11,5 0,9
First stage of expt.: '
duration, sec 1300 1356 | 3240 | 1805 1825 217 53 3090 828 -
amaqunt of water 8,2 28 31 52 43 14 17 23 12 L -
injected, g .
average size of leak, 6,006 0,0206 | 0,0097 0,029 0,023 0,064 0,32 0,0075 0,015 -
5 _ ‘ .
Tof§zduraﬁon of 9480 2220° 3960 2040 2200 240 148 3240 2520 2370
€XP,, SEC ' .
Arnt.g ‘water. injec- 1052 1005 920 142 145 49 388 678 | 2025 | 758
ted over time of L ‘
Sizes £¥\J%t?r leaks” 0,2 1,2 0,1 0,4 0,8 1,6 3,9 6.6 11,5 0.1
t of ex cl - ‘ .
Walitl‘fincl?(ness &1&(&6 3,0 3,0 4,5 3,5 3,5 2,0 2,5 2,5 3,0 2,5
simulator, m - : :
Tube dnunetéragé 15%2,5 | 32x3,5 | 32x3,5 A8X A A8%4 16x2,5 16x2,5 33x3 33x3 [ 16x2,5
thickness, mm : : . Bottom
Location of leak Top Bottom Top Top , Bottom Bottom Bottom T
Working-tube con-  Tybe bot- No | Upper 'Botrom ther- No Tube burn- Tube at inlet
dition after expt iom plugged changes thermo'mocouple mal- changes . through collector
with oxides couple ) crumpled
malfunc- functioned
tioned
4,6
800 |-
§001~ 4
400 ] T |
20 40 &0

G, liters /sec

20 40

-G, liters /sec

20 Y 4]

G, g /sec

107
w0 o
1072k 7
1077
0

20 40 t , min

Fig. 3. Parameters of experiment

3: 1) steam flow rate, g/sec; 2, 3)
rate of sodium flow through the
working tube and through the section,
liters/sec; 4) sodium temperature at
the inlet to the working tube, °C.

sharp and were small. At the second stage, the leak increased rapidly and exceeded the ini~
tial level by more than two orders of magnitude (see Fig. 3). The first stage is charac-
terized by a very limited (<50 g) total amount of steam entering the working tube of the ex-
perimental model. At the same time, the experiments showed that that total amount of steam
at the second stage for leaks near the upper tube plate can exceed 10® g without built-up
damage to the wall of the working tube, made of. 10Kh2M or 12Kh18N1OT steel, opposite the

loecation of the leak.

The possibility of relatively rapid burn-through (at the second stage of spontaneous
leak development) of the tube opposite the location of the lead was established in experi-
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Fig. 4. Time of spontaneous development of a water (steam) leak in sodium in
the forward and reverse steam generator at a sodium temperature of 450°C and
tube wall thickness 2.5 mm. For steam leaks according to data in Table 1:

@, ®) 10Kh2M, leak at the top and bottom; ‘A, A ) 12Kh18N10T, leak at the
top and bottom, for water leaks in the forward steam generator according to
data in [2]: @) 10Kh2M; m) 12Kh18N10T.

Fig. 5. View of the tube plate of the upper chamber of the section after the
pipes were cut off.

ments 7 and 8 with steam leaks in the lower part of the working tube. In these experiments,
the duration of the second stage before the complete damage to the opposite wall constituted
95 and 150 sec, respectively.

During the course of experiment 10, lasting for ~0.66 h, the leak gradually decreased
from the starting level of 0.9 g/sec approximately to 0.12 g/sec. The total amount of steam,
introduced through the leak simulator in experiment 10, was V760 g, i.e., it was greater
than in experiments 7 and 8 up to the time of burn-through of the tube (390 and 680 g, re-
spectively). The depth of the damage to the wall of the 16 x 2.5-mm 10Kh2M steel working
tube in this experiment was 1,25 mm. The wall of the 33 x 3-mm 10Kh2M steel working tube
also did not burn through in experiment 9, in which the total amount of steam introduced was
maximum: ~2+10° g. The depth of the damage to the wall of the tube in this experiment was
v1.2 mm. During the examination following experiments 9 and 10, it was found that in the
upper part, the working tubes are crumpled on sections with length 300 and 150 mm, respective-
ly, immediately adjacent to the upper pipe plate (see Fig. 5). The erosion of material over
the thickness of the tube (maximum thinning v1.2 mm) is noted in the crumpled part of the
33 x 3-mm tube.

The indications of the magnetic flow meter, placed in the lower part of the working tube
and monitoring the flow rate of sodium along it, at the second stage of spontaneous develop-
ment of a leak were of a different nature depending on the location of the leak (upper or
lower leak simulator). Thus for steam leaks in the lower part of the working tube, after the
leak as a result of spontaneous development exceeded the critical value determined by the
condition of termination of the sodium flow in the working tube [1], sodium motion appeared
in this tube in a direction opposite (bottom to top) to the initial direction (see Table 1,
experiments 2, 5, and 7).

A characteristic of the hydrodynamic state in the working tube of the section with steam
leaks through the upper injection units (experiments 1, 3, 4, 9, and 10) is the almost total
absence of average sodium flow rate along the tube when the size of the leak exceeds some
critical value., The lower corrosion rate of the wall of the working tube opposite to the
location of the leak in this case can be related to a deficiency of sodium in the leak zone
as a result of the absence of a sodium flow through the working tube.

The thermocouples recording the temperature in the upper and lower collectors of the
experimental model during the experiments (with the exception of experiment 9) did not essen-
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tially change their indications. ln experiment Y, CNe LemPerature dL Lue secouu sitage ul
spontaneous development of a lead in the upper collector of the model increased up to 650°C.

Large temperature fluctuations were observed in experiments 1, 2, 3, and 6 at the inlet
to the working tube. In addition, these fluctuations occurred only at the second stage of
the spontaneous development of the leaks, i.e., after termination of the initial sodium flow
in the working tube (see Fig. 3). We can conjecture that the increased temperature (the maxi-
mum temperature attained 1200°C) at the inlet to the working tube at this stage was related
to the fact that the steam entering the tube did not have time to react completely with the
sodium as it moved in the tube and partially exited into the upper collector.

In experiments 6 and 7, an increased temperature (up to 500°C) was measured at the
second stage of the spontaneous development of the leak also by the thermocouples located in
the outlet from the working tube. Evidently, this was a result of the displacement of sodium
from its volume in the tube by the steam-hydrogen mixture, which as a result entered into
the upper and lower collectors of the model.

Figure 4 shows, based on data in Table 1 for conditions of the reverse steam generator,
the duration of the small steam leaks up to the time at which they sharply increased. As
follows from Fig. 4, the results of the present experiments and the experiments in [2] agree.
After the experiments, the two 32 x 3,5-mm 12Kh18N10T steel working tubes (experiments 2 and
3) and 33 x 3-mm 10Kh2M steel tubes (experiments 8 and 9) were subjected to metallographic
analysis, which confirmed the previously obtained data for conditions of the forward steam
generator concerning the presence of an intergrain interaction in 12Kh18N10OT steel specimens
affected by the products of the reaction of water with sodium and concerning the predominant-
ly frontal type of corrosion of 10Kh2M steel specimens.

In the sections of the working tube made of 10Kh2M steel, located above the leak simu-
lators, changes in the microstructure of the steel compared to the starting structure were
observed. Thus, in the zone between the flow simulators, the structure of the steel became
purely ferritic. Such structural changes can be explained by the prolonged operation of this
zone of the experimental model at a temperature of 700-750°C, when the perlite component of
the steel decomposes. The structure of the 10Kh2M steel in the zone opposite the upper leak
simulator, as well as in the upper part of the working tube, where the tube was crumpled,
was a fine grained structure with precipitation of excess phases. These structural changes,
evidently, were related to the fact that in the zones indicated, the temperature fluctuated
around a level correésponding to the transition of the « phase into the Yy phase (+900—920°C).
At this temperature, the strength characteristics of 10Kh2M steel decrease :sharply, which
most likely was the reason for the loss of stability of the tube and its crumpling.

We thank O. V. Starkov, M. P. Filin, and M. Kh. Kononyuk for performing the metallograph-
ic investigations of the specimens of material after the experiments.
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EFFECT OF GAS DISSOLVED IN WATER
ON THE HEAT-EXCHANGE CRISIS

V. V. Lozhkin, Yu. A. Smirnov, UDC 536.248.2
Yu. Yu. Shtein, and R. V. Shumskii

Experimental investigations of the heat-exchange crisis in water containing various
amounts of dissolved gas performed in [1] have not revealed connections between the critical
thermal flux q.r and the gas content of the coolant C. Since then this fact has not been
subjected to questions and verifications for a long time. However, data have recently been
published [2] from which it has followed that gas dissolved in water affects the heat-ex-
change crisis. The extent of this effect exceeded the experimental errors. Thus, in tests
with a circular tube for boiling with underheating a decrease of dey by 107% was recorded for
the case of a gas content in the water of 1.2 x 10® normal cm® Na/kg H;0. For volume boil-
ing of water and a gas content of 3.5 x 10> normal cm® Nz/kg Hz0 the decrease 1in qdey already
reached 307% comparison with qer for degasified. Such an appreciable dependence of ey O
the gas content has not been explained in [2]. This problem is very urgent from the scien-
tific and practical standpoints in view of the widespread use in nuclear power plants of gas
volume compensators — the main source of gas in the circulation loop.

Therefore, the heat-exchange crisis has been investigated experimentally with additional
measurements of the gas content of the flow over the cross section of the steam—-generating
channel, without which it is difficult in our opinion to determine the causes for the discre-~
pancy in the presently existing data on the effect of the gas content on the critical thermal
flux.

The tests were performed on a high-pressure test stand, which is a closed circulation
loop with forced circulation of the coolant. The gas (nitrogen) is dissolved in water in a
saturator specially constructed for these purposes. A vertical continuous tube made out of
Khl8N10T steel (12 mm in diameter, wall thickness 1.5 mm, and length 880 mm) heated by a
transmitted electric current served as the working section. The time at which the heat-ex-
change crisis arose was fixed by four Chromel—Copel thermocouples welded on the perimeter of
the outer wall of the working section directly beneath the upper current-conducting spine.
A movable isokinetic sampler is mounted at the exit from the working section at a distance of
20 mm from the current-conducting spine. Structurally, the probe is made out of two non-
corroding capillaries 1.2 mm in diameter with a wall thickness of 0.1 mm. TIts radial dis-
placement was accomplished with the help of an electric drive through a sylphon seal; the
position of the probe in the channel was specified to an accuracy of 0.01 mm.

The isokinetic sampling procedure is described in detail in [3] and consists of the
following with regard to this investigation (Fig. 1). With valves a and £ closed and valve
g open a sample selection rate established through the probe by the valve d, at which the
difference between the static pressure in the probe orifice and on the wall of the working
section becomes equal to zero (the isokinetic condition) is.after complete: purging of the
pulse lines and the refrigerator valve g is opened simultaneously with the closing of valve
d so that the isokinetic nature of the sample selection is preserved. Entering the calibra-
tion burette, which is filled with carbon tetrachloride, the selected water sample floats
in the carbon tetrachloride, expelling the latter into the buffer chamber. Gas liberated
from the water is collected in the upper part of the burette above the water level. The gas
content of the sample is determined by the ratio of the water and gas volumes. Upon com~
plete purging of the lines into the burette no less than 150 ml of sample was selected. The
accuracy class of the apparatus is equal to two.

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 234-237, October, 1982, Original
article submitted January 11, 1982,
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Fig. 1. Layout of the apparatus for isokinetic selection of samples: 1) working sec-
tion; 2) isokinetic probe; 3) measuring burette; 4) buffer chamber; 5) refrigerator;
6) cooling water; 7) drain; 8) differential manometer. '

Fig. 2. Layout of the detector for determination of the total gas content of the

coolant: 1) measuring volume; 2) manometer; 3) thermocouple; 4) drain; 5) measuring
burette; 6) buffer chamber.

The total gas content of the coolant was measured by the open method (Fig. 2). To this
end a small flow of coolant was effected through a measuring chamber from the loop into the
drain line with the goal of heating it up to the coolant temperature at the inlet to the
working section. After heating, the chamber with the sample was cut off by valves and cooled
to room temperature. With the appropriate valves open the measuring chamber was connected to
the atmosphere through the buffer chamber and the burette. The gas liberated in the measur-
ing chamber from the sample expanded to atmospheric pressure, dispelling water from the
buffer chamber into the burettes. The volumes of liberated gas and expelled water were as-
sumed to be equal. The detector volume was 875 cm®. The sample to the detector was removed

from the circulation loop directly before the inlet to the working section. The accuracy
class was 2.5.

The total gas content was also measured by this method, which one can call the dynamic
method [4]. To this end a measurement of the pressure by an electric manometer (accuracy
class 1) and the temperature by a Chromel—Copel thermocouple was provided in the measuring
chamber. The signals from these detectors were recorded at the rate of one measurement per
second on photographic paper by a loop oscillograph. The gas content was calculated from the
discontinuity of the curve of the time dependence of the pressure p(t) upon cooling of the
selected sample, as has been recommended in [4]. Characteristic oscillograms of the depen-
dence p(7) under conditions in which the water was and was not subjected to forced saturation
with gas are shown in Fig. 3. It is noted that in the second case (curve 1) the form of the
dependence p(t) differs from that obtained in [4] and better characterizes the process of
the transition of the system through a metastable state. The difference between the values
of the gas content calculated from the minimum and maximum of the curve p(t) reaches 10%.

Prior to the main experiments a calibration series of tests on calibration of the thermo-
couple, manometers, the measurement unit of the isokinetic probe, the measuring chambers, and
so on was run. The efficiency of the isokinetic probe was checked by comparing the velocity
profiles in a single-phase flow of water measured by it with a logarithmic one. The maximum
discrepancy did not exceed 10% for the center of the flow. The results of simultaneous mea-
surement of C,, Cq, and C4 turned out to be in satisfactory agreement. In tests without
heating of the working section the profiles of the distribution C;(r) over the cross section
of the tube were two-dimensional; therefore the isokinetic probe was located at the center
of the flow during the comparative measurements.

The experiments were performed in the following sequence: Specified values of the pres-
sure, mass velocity, and temperature of the water at the inlet to the working section were
established. In order to provide an identical gas content through the entire circulation
loop, a constant water temperature was maintained. The gas content was measured in three
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Fig. 3. Oscillograms of the variation in pressure in connection with the
measurement of the gas content by the dynamic method with tin = 260°C: 1)
Co = 53, C; = 815 2) Co = 1.52 x 10%, C; = 1.67 x 10°, C4 = 1.58 x 10°.

Fig. 4. Distribution of gas over the cross section of the tube measured by
the isokinetic method: Q) p = 18 MPa; pw = 2000 kg/(m?+sec); Xor = —0.19;
Xour = —0.215; C, = 1.45 x 10° normal cm® N,/kg H,0; @) p = 10 MPa; pw =
2000 kg/(m*+sec); xop = 0.145; x5, = 0.113; C, = 0.7 x 10° normal cm®
Nz/kg H20~

Fig. 5. Gas content in samples selected from the wall of the working sec-
tion with pw = 2000 kg/(m®-sec), Cy = 1.5 x 10® normal cm® N,/kg H,0, p =
10 MPa, xq5,¢ 0.149, and x,, = 0,162.

ways: open Co, dynamic Cq, and isokinetic Cj. The power liberated in the working section up
to the time at which the heat-exchange crisis arises was increased in steps of 1-2 kW. As

the thermal flux increases to q.r»> the operating parameters were measured at separate power
levels by a system of running control and the distribution of gas over the diameter of the
working section was measured with the isokinetic probe. The next experimental point was
specific to have a different value of the pressure. Then without shutting down the circula-
tion, all the measurements were repeated using water saturated with gas. Experiments were
performed in similar fashion for different values of the mass velocity of water. Dissolution
of the gas was accomplished in a series of tests at a pressure 2-3 MPa lower than the operat-
ing pressure. Then the pressure was increased to the specified level, and the experiments
were carried out in the order outlined above. :

) The basic series of tests was conducted in the following range of variation of the param-
eters: pressure, 10-18 MPa, mass velocity, 1000-3000 kg/(m?-sec), thermal flux, 0-3.5 MW/m?,
steam content, 0.2-0.4, and total gas content, 30-1700 normal cm® N,/kg H.0. As a result of
the experiments it has been established that for a variation of the gas content from 30 to
1700 normal cm® N,/kg H,0 the values of qcr Practically coincide, independently of the methods
of dissolving the gas in water and the methods for measuring its concentration and the steam
content x in the crisis zone. The reliability of the data obtained on qcr has been confirmed
by their satisfactory agreement with the tabular data from [5], having a mean-square devia-
tion of 9Z. The mean-square deviation of our data from the tabular values is 7.1%.

No accumulation of gas at the heat—exchanging surface of the working section in a single
one of the precrisis tests has been detected by local probing of the flow with the isokinetic
sampler. Characteristic profiles Cj(r) are shown in Fig. 4.. This result has been obtained
in experiments on the measurement of the gas content in liquid samples selected at a low
rate through holes in the wall of the working section (Fig. 5). In the region of large over-
heatings (x < —0.1) the gas content in the layer near the wall differs hardly at all from the
overall gas content in the flow at the inlet to the working section. One can assume that
under these conditions no appreciable gas exchange with the central part of the flow occurs
due to an insufficient number and intensity of steam generation centers. As the transition
to volume boiling occurs, the liberated gas is distributed over the cross section of the flow;
the gas content in the layer near the wall is close to zero.

Thus, the measurements of the gas content distribution did not exhibit any kind of pecu=-
liarities or tendencies in the gas distribution over the cross section of the steam-generating
tube which can produce a dependence of qcr on the concentration of gas dissolved in water up
to 2000 normal cm® N,/kg H,0 in the investigated range of variation of the coolant parameters,
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The results obtained in this paper lead. to the following conclusions,

1. With a positive steam content at the exit from the experimental section no decrease
of the critical thermal fluxes falling outside the limits of experimental accuracy was ex-
hibited in the 10-18 MPa pressure range, 100-3700 kg/(m?**sec) mass velocity range, and a gas
content up to 4000 normal cm® N,/kg H,0

2. A tendency towards a decrease of the critical thermal fluxes is observed in the region
of liquid heated to boiling at the exit from the channel in the very same range of variation
of the parameters and only for a vapor content higher than 2000 normal cm® Na/kg Ho0. With
a gas concentration of 4100 normal cm® Np/kg H,0 this decrease amounted to no more than 20%.

A control experiment was run to determine the critical power for a pressure of 17 MPa,
a mass velocity of 2000 kg/(m*-sec), a water temperature at the inlet to the channel of 200~
300°C, and different gas contents, The experimental equipment and procedure for performing
the experiments were the same as given in the article. The results of the control experi-
ment have shown that the critical power can decrease by only 3-5% for a coolant with a gas
content of 3000 normal cm® N./kg H,0. The decrease in the critical thermal fluxes was no
greater than 157.

The authors express their gratitude to P. L. Kirillov for initiative in formulating and
conducting this investigation.
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INFLUENCE OF BOTH REACTOR IRRADIATION AND HELIUM
ISOTOPES UPON THE MECHANICAL PROPERTIES OF
TITANIUM AND o-TITANIUM ALLOYS

V. N. Tebus, é. F. Alekseev, UDC 620.039.179.15:546.53
Yu. V. Bobkov, F. P. Butra, '
A. M. Glazyrin, I. V. Golikov,

B. V. Grigorovich, A. M. Kaptel'tsev,

Yu. N. Sokurskii, and V. I. Chuev

Titanium and its alloys recently have been considered promising materials for thermo-
nuclear reactors [1l]. The building materials of thermonuclear reactors are subjected not
only to mechanical stress and high temperatures but also to neutron irradiation and fluxes of
charged particles. Since the papers published relate almost exclusively to the influence of
neutron irradiation.[2-8], an additional investigation of the influence of other radiation
quantities, particularly of helium, upon the mechanical propertles of titanium and some of
its alloys was made.

Exper1mental Technlqpe

Materials and Conditions of Irradiation. The mechanical properties of technically pure
titanium and three of its a-phase alloys were studied (Table 1), Before the irradiation two
lots of samples were annealed at 700°C for 1 h in vacuum. The first lot of samples (titanium
and alloy.1) in the form of tubes with a diameter of 12 mm and a wall thickness of 0.5 mm was
1rrad1ated in the reactor at the temperature of the cooling water (270 C) with a thermal neu-

Translated from Atomnaya.pnergiya, Vol. 53, No. 4, pp. 237-242, October, 1982. Original
article submitted August 7, 1981; revision submitted April 15, 1982,
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TABLE 1. Chemical Composition of the Materials

Concentration (mass %)
Material
Ti Al Mn Zr Mo Nb C N Fe Si H o

Titanium Base | 0,05 — — — — 0,02 0,01 0,05 0,02 0,003 0,07
Titanium alloy| material

No. 1 Same 5,04 — — 0,056 | 0,80 0,04 0,01 0,03 0,01 0,004 0,05

No. 2 » » 2,0 Y 2,12 — — 0,03 0,004 | 0,08 0,01 0,005 0,06

No. 3 » » 0,73 0,63 — — — -] 0,04 0,01 0,04 0,02 0,005 —

I l i 1 I 1
g 700 200 300 w00 500 T°C

Fig. 1. Influence of irradiation
(here and below, O , V , O and
A  refer to the initial samples and
M, VY, o, and A refer to the
"irradiated samples) upon the tempera-
ture dependence of the tensile
strength and the yield point of ti-
tanium (m and O refer og; Y
and Vv refer to 0o,2) and of alloy
1 (@ and O refer to og, A and
A refer to Oo,2).

tron flux of up to 4+10%° neutrons/cm?® and a fast (E > 0.1 MeV) neutron flux of 9.10%° neu-

trons/em®. ®He was introduced in the samples by the so-called tritium trick: tritium arrived

at the sample in the form of recoil nuclei from the °Li(n, a)T reaction in lithium contacting

the sample [9]; a tritium concentration of 5-10”% at, %, which according to microautoradio-

graphs was uniform, was created in the sample and after a 2-yr exposure, the tritium decay
in the sample left °He accumulated with a concentration of 5°10~“ at. %.

A second lot of samples (titanium and alloys 2 and 3) was cut from 0.2- and 0.3-mm~thick
foil and uniformly saturated with “He to a concentration of 10-2 at. % by bombardment with
“He ions having a maximum energy of 40 MeV; the bombardment took place in a cyclotron [10]
at temperatures not exceeding 150°C.

Mechanical tests on annular samples of the first lot were made with the "Instron-1195"
machine at a deformation rate of 2,2:10-° sec™!; the samples of the second lot were tested
on a laboratory-type machine for tensile microtesting with automatic recording of the load-
elongation curve at a deformation rate of 6.7.10~% sec~*, The temperature in the tests
ranged from 20 to 600°C.

Microhardness and Structure of the Samples Tested. The recovery of the mechanical prop-
erties of the irradiated materials was studied by measuring the microhardness on a PMT-3
hardness microtester., The structure of fractures in destroyed samples was studied under an
optical MIM-7 microscope and with the scanning electron microscopes "Stereoskan" and "Kvikscan."
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Fig. 2. Influence of irradiation upon the temperature dependence of the (a)
total and (b) uniform elongation of titanjum (A and A) and of alloy 1
(O and .)o

Fig. 3. a) Change of the microhardness Hy of irradiated samples of titanium
and alloy 1 subjected for 1 h to isochronous annealing and b) kinetics of
microhardness changes ( A and ® refer to alloy 1 and titanium at T = 600°C;
v and A refer to alloy 1 and titanium at 700°C; - O refers to titanium at
500°C (AHV and AHV denocte the temperature-induced and the radiation-induced
change in the microhardness, respectively).

Experimental Results

Reactor Irradiation. TFigures 1 and 2 depict the results of mechanical tests performed
on the initial and irradiated samples of the first lot. The temperature dependencies of the
strength properties and of the total elongation of the initial sample are in satisfactory
agreement with the published data of [11].

Irradiation increased the strength of the materials examined. The relative increase in
strength (AOB/GB) amounted to 27% and 20% in titanium and in alloy 1 at 20°C, respectively,
and to 55% and 247 at 300°C, respectively. The 0o, , value changed even more. The influence
of irradiation upon the strength hardly manifests itself above 500°C in titanium and above
550°C in alloy 1. '

A decrease in the overall elongation (§) and the uniform elongation:(8,) is observed in
the entire temperature interval of our work though the decrease is substantially smaller at
500-600°C in titanium. The irradiation of the alloy did not change the temperature depen-
dence of the plasticity, whereas the irradiation removed the characteristic increase inplastic-
ity at 90-300°C in the case of titanium.

Figure 3 exhibits the results to isochronous amnealing and also the kinetics of recovery.
It follows from Fig. 3 that the irradiation increased the microhardness of titanium and alloy
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Fig. 4. Temperature dependence of the tensile strength (A and A) and of
the yield point (O and ‘@ ) of a) titanium, b) alloy 2, and c) alloy 3.

Fig. 5. Temperature dependence of the total ( A and A) and uniform ( O and
® ) elongation of a) titanium, b) alloy 2, and c) alloy 3.

1 by about 30%Z. The recovery curves of the two materials are smaller. The maximum on the
curve pertaining to alloy 1 is shifted toward higher temperatures. Full recovery is observed
at 600°C in the case of titanium and at 700°C in the case of alloy 1.

The kinetic curves reveal that the recovery rate increases with increasing temperature
and is higher for the titanium samples at a certain fixed temperature (see Fig. 3b). The
recovery process is an activation., The activation energy Q is 1.1 eV for titanium and 1.6
eV for alloy 1 (the activation energy for the titanium self-diffusion is"1.27 eV [6]).

‘Irradiation with “He Ions. It follows from the temperature dependencies of the mechani-
cal properties of titanium and alloys 2 and 3 that saturation with “He to a concentration of
10~* . at. % causes a noticeable strength increase in the materials at temperatures of 20-400°C
but hardly affects the strength of the materials at temperatures in excess of 500°C (Fig. 4):
Irradiation did not change the form of the temperature dependence of the strength properties.

Irradiation has a more pronounced influence upon the plasticity of the material. At tem-
peratures of 20-500°C the total elongation and the uniform elongation of irradiated titanium
and alloy 3 samples decreased noticeably and depended only slightly upon temperature. In
this temperature range the plasticity of irradiated alloy 2 decreased also but the overall
form of the change remained preserved. At temperatures of 500-600°C the total elongation of
the irradiated samples increased sharply in analogy to the increase observed in the initial
samples (Fig. 5).

The recovery of the mechanical properties was investigated by measuring the microhard-
ness of the irradiated samples in 1 h isochronous annealing. Similar microhardness measure-
ments of the same samples irradiated with neutroms at ~300°C (flux of up to 102° neutrons/cm?)
were made for comparison. Figure 6 shows that, without any dependence on the type of the
irradiation, total recovery of the mechanical properties of the materials occurs at 550~600°C.

Structure of the Fractures. It was established in investigations of sample fracture
(Figures 7 and 8) that destruction takes place in transcrystalline fashion with a mechanism
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Figure 6. Temperature dependence of
the microhardness of irradiated tita-
nium samples (O and @ ), of alloys
2 (A and A), and of alloys 3 (O
and B ) subjected to l-h isochronous
annealing (O, A, and O refer to
samples saturated with “He; Typr <
150°C; e , A, and m refer to sam-
ples irradiated with neutrons at

Tirr = 300°C; a, b, and c indicate
HD of alloys 1 and 2 and of titanium
respectively).

J 700 200 300 400 500 176

including nucleation, growth, and merging of microvoids while a cup relief develops on plastic
materials. When the temperature is increased above 300°C, the pits on the initial and irra-
diated samples are enhanced but become slightly smaller on the irradiated samples.

Discussion of Results

It follows from the results described above that both reactor irradiation and irradia-
tion with “He ions influence in the same fashion the mechanical properties of technically
pure titanium and its alloys of the a-phase. At temperatures of 20-400°C the relative change
in the strength properties of the materials is in both cases more pronounced at increased
temperatures but the form of the temperature dependence is preserved. The total and uniform
elongation of irradiated materials depend relatively slightly upon the temperature at 20-400°C
though an. increase in plasticity at increasing temperatures is observed in the initial sam-
Ples of titanium and of alloy 3 in this temperature interval and though the form of strain
hardening is changed.

At temperatures in excess of 500°C irradiation has reduced influence upon the mechanical
properties of the materials: The strength properties of irradiated samples and initial samples
are practically identical and the relative reduction of the plasticity is much smaller than
at 20-400°C. The curves of the total elongation of the irradiated and initial samples have
the same form. It should be noted that the irradiated materials comserve an adequate plastic-
ity reserve (8 > 6%) at all the temperatures. This is alse confirmed by the viscous break-
up of the irradiated samples., — s

These results give reason to assume that the radiation hardening at 20-400°C results
from the formation of point defect complexes preventing the movement of dislocations [4] and
from the introduction of helium atoms in interstitial points of .the lattice. But helium only
slightly influences the hardening,.as put into evidence by the similar microhardness changes
in samples irradiated in the cyclotron and in the reactor, Furthermore, at temperatures in
excess of 500°C there is no radiation hardening in both cases. This confirms the results of
[8] concerning the irradiation of a-phase titanium alloys in a reactor with a flux of up to
2102 neutrons/cm® (E > 0.1 MeV). This means that the radiation defects are practically
fully annealed at this temperature and that the helium present does not enhance the strength
of the samples. The plasticity of the materials increases sharply and the influence of irra-
diation upon the plasticity is substantially reduced; the plasticity of irradiated alloy 3
is even higher than the plasticity of the initial sample. It is awell-known fact that at tem—
peratures in excess of 500°C recrystallization processes, accompanied by a noticeable in-
crease in plasticity [11], are observed in nonirradiated titanium and its a-phase alloys. The
presence of helium in the irradiated samples obviously did not have a significant influence
upon these processes.. This means that the helium atoms incorporated in titanium and in aus-
tenitic stainless steels behave in different ways: Helium atoms in austenitic stainless steels -
significantly slow down recrystallization and polygonization processes and cause high-tempera-
ture radiation-induced (helium) embrittlement [10, 12, 13].  We list below the relative values
of a parameter expressing the sensitivity to high-temperature radiation-induced embrittle-
ment, The parameter values were calculated with the formula
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Fig. 7. Titanium microstructure at the fracture point at T = 20°C in (a) initial and
(b) irradiated samples; at T = 300°C in (c) initial and (d) irradiated samples; and
at T = 500°C in (e) an irradiated sample (x 500).

8= (8in —0im )(8in Cue),

where &;,, and i,y denote the total elongation of the initial and irradiated samples, respec-
tively; and Cye denotes the helium concentration.

Titanium ' 6.7 316 Steel [9] _ 300

Alloy 2 18.8 Ti-70A [9] 11.3
Alloy 3 0 Ti-6A1-4V [9] 23.0
OKh16N15MZB Steel [10] 438 :

The sensitivity parameter of austenitic stainless steels is much higher than that of

titanium and its alloys. This is also confirmed by the data obtained after introducing *He
with the "tritium trick" into titanium alloys [9].
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Fig. 8. Relief of (a, b) the rupture surfaces and (c, d) the adjacent side surfaces
of samples of alloy 3 tested at T = 300°C: a, c) initial sample; b, d) irradiated
sample (x 600).

CONCLUSIONS

Reactor irradiation of titanium and its a-phase alloys containing *He and irradiation
with “He ions leads to increased strength and reduced plasticity in the temperature range
20-400°C. .The influence of the two types of irradiation upon these materials is similar.

At 20-600°C the irradiated materials conserve an adequate plasticity reserve (8§ > 67). Vis-
cous destruction of the initial and irradiated samples of the materials examined takes place
in mechanical testing. At the temperature (500-600°C) at which recrystallization of nonirra-
diated materials begins, total recovery of the strength properties and noticeable recovery

of the plasticity are observed in the irradiated samples. Titanium alloys are inclined to
high~temperature radiation-induced embrittlement to a lesser degree than austenitic stainless
steels.
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EFFECTS OF HEAT TREATMENT AND ALLOYING ON THE
RADIATION EROSION OF AUSTENITIC STAINLESS
STEELS AND ALLOYS

. E. Goncharov, M. I. Guseva, UDC 621.039.531
. Kalin, 0. A. Kozhevnikov,

. Lapin, A. N. Mansurova,

. Parshin, D, M. Skorov,

. N. Chernov, G. N, Shishkin,

and V. D. Yaroshevich

[l -~ M o]
Z2 =2 >

Stainless steels and nickel alloys of the austenite class are considered as promising
materials for the first wall in a fusion reactor [1-4]. Studies on the damage to such materi-
als by ion bombardment have indicated the effects of the irradiation conditions, the mechani-
cal stresses, preliminary ion implantation, and the surface state. However, not much is
known about the dependence of the damage on the amount and form of the alloy elements or on
the treatment, nor is much known about the behavior of nickel-rich alloys and nickel-free
steels on irradiation by light ions under the conditions of a fusion reactor [5-7].

We have examined the effects of alloying elements and previous treatment on the radia-
tion damage to various steels and alloys of the austenite class on ion bombardment. Table 1
gives the compositions and treatments, while Table 2 gives the irradiation conditions. The
surfaces were mechanically and electrolytically polished before ion bombardment. The speci-
mens were annealed in an atmosphere of pure argon. Bombardment with Het ions of energy 20
keV was performed in a mass monochromator with double focusing by a method previously de=-
scribed in [8], the irradiation conditions for ions of energies 40 and 80 keV have been given
in [9].

The surface topography was examlned with a Stereoscan S4-10 scanning electron microscope.
The structure were examined with an EVM-100L transmission electron microscope, where the
dislocation density was determined by the method described in [10]}. The distributions of the
alloying elements were examined with a Cameca SMI-300 microanalyzer and also by Auger spectros-
copy. The distribution profiles for carbon and borgn were examined by successively removing
surface layers by sputtering with a rate of 150-200 A/min (1 A = 10*° m) by bombardment with
Art ions of energy 10 keV. The boron distribution near the surface was also examined by
track autoradiography, which has high sensitivity (~10™° mass % B) and provides a localization
of v2 ym in depth and 1 um over the surface [11]. The blister-formation parameters and the
erosion coefficients were determined in a standard way [12]. Figure 1 shows typical photo-
micrographs. Figures 2-4 and Table 3 gives the results.

These indicate the dependence of the erosion on the austenitization conditions, mode of
cold deformation CD, nickel content, and amounts of other alloying elements,

Effects of Cold Deformation. Electron micrographs of steels irradiated in the cold-de-
formed state show clearly that the blisters are much smaller than those found with annealed

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 243-250, October, 1982, -Origi—
nal article submitted November 23, 1981,
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B 4
Specimen: No. i A/m?| E keV | Tirr, K (D, ion/m?
92, 93, 96; 102, 0,5 20 < 370 5-102!
103, 106
30, 32, 33; 50, 0,5 20 < 370 71021
52, 53; 60, 62,
63; 70, 72, 73
10; 92, 93, 96; 0,3 40 < 420 1-1022
102, 103, 106 ,
21, 22; 30, 31, 32, 0,3 40 < 420 2-1022
34, 35; 44; 70;
81, 82; 112; 122
92, 93, 96; 102, 0,3 . 80 << 420 2.1022
103, 106 B

Fig. 1. Radiation erosion in materials
irradiated. by helium ions: a and b)
steels OKh16N15M3B and 00Kh1l6N15M3B (an-
nealed at 1390°K for 0.5 h), Het with

E = 40 keV, D = 2 x 10%* jon/m®, Ty, <
370°K; c¢) alloy 03Kh20N45M4BCh (anneal-
ing at 1170°K for 15 min), Het with E =
20 keV, D = 5 x 10%! ion/m*® Tj,.. < 370°K;
d, e, and f) alloy 03Kh20N45M4RBTs (an-
nealing at 1170°K for 15 min, 1320°K for
1 h, and 1470°K for 5 h), He* with E =
80 keV, D = 2 x 10%2 ion/m®, Tipr < 420°K.

An example is provided by steels 12Kh18N10OT, OKh16N15M3B, and Kh20N40 (specimens
and 21, 32 and 31, and 82 and 81 in Fig. 2 correspondingly).

specimens,

*The first figure of the first two denotes the sequence number of the specimen (Tables 1 and
2), while the latter figure is the treatment number.
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TABLE 3. Blister Parameters for 20-45

Nickel Alloys Irradiated with Het at E =
20 keV, D = 5 + 102! ion/m®, T < 370°K

:' 3 ~ E
_ t | EEER S
Treatment o ah - = g
g | Ve | As | & F
g8 | S| S| F | w
Alloy No. 9
initial 1254 |124,0 | 1,4 | 1,8 [0,14
annealing at 61,0 | 59,0 | 2,0 [ 2,0 | 0,47
1320°K, 1h | -
the same at 50,0 48,6 1,4 2,4:10,18
1470°K. 5 h
Alloy No, 10 v
initial 66,7 65,6 1,1 2,4 10,15
annealing at 44,4 | 42,4 2,0 2,6 | 0,20
1320°K, 1h )
the same at 19,9 17,9 2,0 3,1 10,32
1470°K, 5 h
12
I
79 122
g
(s}
248 44
g o 53 63 73
gesf B 2471 "
<« Q. ~
& i o0 &2 _—
Sy s 5 Gér- /’3%//;'0 “
o7 5 7
w7 oL %
1 7 M-'lo/ . . .
7w 40 0 & gt po8z G005 G008
Nickel content, mass % ' Boron content, mass %o
Fig. 2 Fig. 3

Fig. 2. Dependence of the erosion coefficient on alloying
and form of treatment of irradiation with He' with E = 40
keV, D = 2 x 1022 ion/m?*, Tirr < 370°K (D = 1 x 1022 ion/m?
for alloys 92, 93, and 96): O) annealing at 1170°K for 1 h
(or 15 min); A) 1320°K, 1 h (or 0.5 h); 0J) 1390°K, 0.5 h;
0) 1470°K, 5h; @) 1170°K, 1 h + CD 20%; A) 1320°K, 0.5 h +
rolling; @) 1070°K, 40 h (the numbers in the figures corre-
spond to the materials in Table 1l: the number of the first
two represents the specimen number, while.the last is the
treatment number).

Fig. 3. Dependence of the erosion of 'steel 16-15 on boron
alloying on irradiation with He®% with E = 20 keV, D = 7 x
10%% ion/m*, Tj,, < 370°K: O) rolling and annealing at 1320°K
for 30 min; @) rolling and annealing at 1170°K, 15 min; ®)
rolling.

Effects of Alloying Elements. We measured the erosion coefficients for the following
steels annealed at 1170°K for 1 h: 12Kh18N1OT (specimen 22), OKh16N15M3B (32), and Kh20N40
(82), along with the alloys 20-45 (92), 20-75 (122), and 20-78 (112), which showed a general
tendency for the erosion to increase with the nickel content (Fig. 2). However, the varia-
tions in content of Ni, Fe, and Cr in these alloys are accompanied by variations in the minor
components (Mo, Nb, Ti, Al, B), which, as shown in Figs. 2 and 3, play an important part in
the surface damage on ion bombardment. The results for identically treated materials show

"that 0,002-0,008 mass % B in steel 16~15 (specimens 3 and 5-7 in Table 1) increases the ero-

sion coefficients considerably, and the same applies to 0,005 mass % B and 0.035 mass % Zr in
the high-nickel alloys (specimens 9 and 10), with the same effects for about 4 mass % Mo, "l

700

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010004-7




Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010004-7

—
301 ) a _—"a

/ion
\.g \.'q\;

atom
Y
Ey

*

S, 2’
N
<

R

NS
>

S
I

g 405 4w
Grain diameter, mm

Fig. 4. Dependence of
the erosion of alloys
No.. 10 (1) and No. 9 (2)
-on grain size (heat treat-
ment) on irradiation with
Het with E = 40 keV,
D=1x 10°? ion/m?® (bro-
ken line) and with ‘E = 80
keV, D = 2 x 10%? ion/m?
(so0lid line).

mass % Nb, and Y or B with Zr (specimens 8 and 9, 10), as also for 2.23 mass % Mo and 0.62
mass % Al (specimens 11 and 12), as indicated in Figs. 2-4. The alloying elements also in-
fluence the character of the surface damage. In KhN78T (112).there is one-layer exfoliation;,
whereas in KhN76M2TYu (122) two layers are shed. The highly alloyed materials with inter-
metalline hardening (line I in Fig. 2) have higher erosion coefficients than.do alloys with
predominantly carbide hardening (line II in Fig. 2).

Effects of Carbon and Boron. These elements play a considerable part in the irradiation
erosion of these materials. For example, double vacuum melting of steel results in purifica-
tion from carbon and other interstitial impurities, and this reduces the erosion coefficients
(Fig. 2, specimens 34 and 44; Fig. la and 1b). The blister density on OOKh16N15M3B steel
(44) is lower by about a factor 1,5 than that on steel OKh16N15M3B (34), which was given
similar treatment. Carbon influence the blistering at the stages of nucleation, growth, and
combination of the gas bubbles into blisters, and also at the stage of exfoliation, and its
effect is due to changed mechanical properties in the subsurface layer. '

These Het-irradiated surfaces showed that steel containing boron (specimens 5-7 in Table
1) were more liable to erosion (Fig. 3). Also, the increase in the erosion coefficient on
alloying with boron for a given density, size, and distribution of the blisters is due to the
breakaway of a large number of blister tops. Annealing the material before irradiation alters
the erosion coefficients, particularly for steels without boron. Annealing at 1320°K for
‘30 min greatly alters the boron concentration in the surface layer (thickness <1 um) for steel
OKh16N15M3B, In the initial state and after a brief annealing (15 min at 1170°K), the boron
content in the surface layer, as determined by track autoradiography, corresponded to the
certificate (<10~“ mass %), while after high-temperature annealing it rose to 1 x 10~2 mass %
and the erosion coefficient increased from 0.46 to 0.60 atom/ion (Fig. 3).

There is hardly any effect on the erosion (Fig. 3) from varying the boron content be-
tween 0.002 and 0.008 mass % (within the errors of measurement). However, track autoradio-
graphy showed that the boron is almost uniformly distributed (Fig. 5a) in hot-rolled steel
(specimen 70), whereas in cold-rolled steels (specimens 50 and 60) there was a prominent
streaky boron distribution (Fig. 5b), which partially persisted even after annealing for 30
min at 1320°K (Fig. 5c). There was a similar distribution of the carbon along the rolling
direction. These nonuniform distributions also influence the surface damage, because the
widths of the individual streaky componentsrich in boron are up to ~100 um (Fig. 5b). This
is confirmed by the fact that the erosion coefficients for different parts differ only slight-
ly for steel with a uniform boron distribution (specimen 70), whereas in specimens 50 and 60

with prominent streaky boron distributions there is a certain spread in the reduced mean
values (Fig. 3).
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Fig. 5. Autoradiographs of the
boron distribution in OKh1l6N15M3BR
steel: a) austenitization at 1320°K
for 0.5 h + hot. rolling; b) aus-~
tenitization at 1320°K for 0.5 h +
cold rolling + annealing at 1170°K
for 15 min; c) austenitization at
1320°K for 0.5 h + cold rolling +
annealing at 1320°K for 0.5 h; x
130 in all cases.

Nickel alloy 20-45 (No. 10) contains boron and zirconium, and this has a higher erosion
coefficient in the analogous alloy (No. 9) alloyed with yttrium (Fig. 4) for all the condi-
tions of irradiation and modes of heat treatment,

Not much is known about the radiation resistance of chromiummanganese alloys, but early
results show that the erosion resistance of 06Khl7Gl5NAB steel corresponds approximately to
that of steels 18-10 (Fig. 2, specimen 10). :

Dependence of Erosion on Heat-Treatment Conditions. The electron micrographs show that
heat treatment has a considerable effect on erosion. The erosion coefficients for OKhl6N15M3B
steel treated under various conditions (specimens 30 and 32-35 in Table 1 and in Fig. 2) in-
dicate that the minimum erosion occurs in steel irradiated in the initial state (30) and in
the fine-grained state [32]. The erosion coefficient increases to 0.44 atom/iom (34) after
high-temperature annealing. Aging the steel increases the erosion coefficient to 0.56 atom/
ion (specimen 35 in Fig, 2).

Figure lc and Table 3 show that on irradiating alloy 20-45 with Het ions of energy 20
keV one gets not only small blisters (d < 0.4 ym) of high density (~10'2-10'° m~2?) but also
large ones (d > 0.9 pym) with density ~10'! m™2; the smallest blisters (d = 0.14-0.15 um) occur
in materials irradiated in the initial state. As the temperature and duration of the pre-
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liminary annealilng are increased, the bllsters increase in size but decrease in density, and
the certian difference between alloys No. 9 and 10 (Table 3) is ascribed to the effects of
the minor alloying elements, particularly boron, on the blister nucleation kinetics.

There are two features of the blistering in complex alloy steels and other alloys.
Firstly, helium ions of energy up to 20 keV produce blisters in two groups, of diameter up
to 2 um and < 0.4 um. There are two maxima on the blister size distribution curve for a
material with an fcc lattice, e.g., for the complex nickel alloys types 20-75 and 20-45 (Fig.
lc and Table 3) and also for steel 16-15 annealed at 1023°K for 1 h after irradiation [13].
A similar curve has been recorded for molybdenum [14], i.e., from a metal with a becc lattice.
This indicates that the helium is redistributed during the irradiation. Secondly, helium
ions of energy >80 keV produce damage by flaking in a complex alloy, where several layers
of material are exfoliated, while in other materials one gets blistering and the breakaway of
tops.

The erosion for alloys No. 9 and 10 increases with the energy and dose. The erosion
coefficients increase with the temperature and duration of the annealing, i.e.,, as the grain
size increases (Fig. 4). When the energy of the bombarding ions rises to 80 keV, one gets
two-layer exfoliation in both alloys (Fig. 1, d-f),

The irradiation resistance of a high-nickel alloy is substantially dependent on the micro-—
structure. Surface swelling and exfoliation of an entire layer (Fig. 1f) are controlled by
the grain boundaries, and in some cases damage occurs to the boundary zone only with difficul-
ty (Fig. le); various factors may be responsible for this, which act during nucleation of the
helium bubbles (a boundary acts as a sink for defects and implanted helium atoms, with the
boundary layers free from accumulating helium bubbles) and at the stage where these bubbles
link up into cavities and cracks propagate (the boundary layer free from helium bubbles pre~
vents crack propagation).

Discussion and Conclusions. An inhomogeneous tangential~-stress distribution arises on
ion bombardment of a material having an uneven distribution of the implanted helium, while
the surface has a marked effect on the point-defect distribution, and the stresses twice
change in direction over a distance equal to the maximum range of the ions in the material.
Therefore, there are two zones of zero tangential stress in the implanted layer: near the
frontal surface and at the end of the ion range. These zones are the preferential sites of
gas-bubble formation, which results in two maxima on the size distributiaon curve for the
blisters. This would explain why the thicknesses of the tops of the main (large) blisters at
low ion image always exceed the projected range of the ions, and this explanation does not
conflict with the theory of gas cavities and blisters [16].

The release of the implanted helium and the formation of bubbles in the zone with zero
tangential stresses must inevitably be dependent on the energy paraméters of the point de-
fects and the helium in the lattice. For example, helium in molybdenum behaves differently
from that in nickel, which is due to differences in the energies of formation of the point
defects and complexes with helium. In molybdenum, inherent interstitial atoms readily dis~
place helium from He—V complexes [17]. This results in redistribution of the implanted heli-
um, part of which is desorbed, while the other atoms are deposited in the surface zone (thick-
ness < 0.01 umif one judges from the size of the small blisters). A similar displacement
may occur in the He,V and He3V complexes. Such processes are not favored by energy in a pure
fce metal. In fact, in nickel two interstitial helium atoms displace an atom of the metal.
However, various alloying elements (Fe, Cr, Mo, Nb, C, N, B, Zr, etc.) alter the energy for
the formation of radiation defects, and as a result helium is displaced from traps and emerges
on the surface.

Isothermal annealing of steel at 1023°K for 1 h [13] results in decomposition of the
helium-bearing complexes (type Hep Vp) and diffusion of the helium to the surface, which also
gives two peaks in the helium distribution in depth and therefore two peaks on the blister
size distribution,

Therefore, it is difficult to explain the complicated effects of alloying elements and
thermal and mechanical treatment on radiation blistering and erosion. These elements and
treatments influence the distributions of the minor components and also the microstructure
and physicomechanical properties, and they thus influence all stages in the radiation damage
to the surface: in the formation of clusters of point defects and complexes, in the formation
of helium bubbles, and in the combination of these into cavities (i.e., in blister formation),
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Fig, 6. Distributions of boron

(solid line) and carbon (broken line)
in OKh16N15M3BR steel on irradiation
with Het with E = 20 keV, D = 2 x 10%?
ion/m?, T;yr < 370°K; processing:
austenitization + rolling + anneal-
ing at 1320°K for 0.5 h.

as well as in disruption of the surface layer, However, during the ion implantation, before
the blistering starts one gets very high helium concentrations at a certain depth (up to 1

He atom per Me atom [17]), which should eliminate the differences in the processes preceding
the formation of helium bubbles, while also greatly affecting the mechanical properties of the
implanted layer and producing microcracks. The course of the subsequent damage recorded from
the topography is still dependent on the alloying and heat treatment. Consequently, both of
these influence the microdamage. The level of the stresses arising from the helium implanta-
tion is important in the production of blisters and erosion (by the detachment of blister tops
or flaking), and the same applies as regards the tendency to stress relaxation.

A difference from the vacancy swelling observed on fast-neutron irradiation is that the
formation of pores in the material bombarded by helium ions is decisively influenced by the
excess number of gas atoms, which at an early stage form complexes of the types HepV, Hegly,
etc. with vacancies, interstitial atoms, and atoms of alloying components [18- 21].

Radiation swelling is particularly reduced by alloying a metal with an element whose
atoms are different in size from the solvent [22, 23], and this applies particularly to ele-
ments of small atomic radius. For example, alloying nickel with beryllium, carbon, or sili-
con more greatly suppresses vacancy swelling than does alloying with molybdenum, titanium,
aluminum, and so on [23]. It is assumed that the suppression is produced by attachment of
point defects to atoms of the alloying elements [24]. However, one gets the contrary effect

on implanting helium: Alloying increases the erosion of a chromiummnickel material. The swell-

ing produced by neutrons is similar to that produced by helium only in the early stages of
complex formation, i.e., before helium bubbles are formed. By the time blisters appear, one
should already speak of embrittlement in the irradiated layer. The alloying elements harden
the solid solution and also alter other properties of the matrix [25], which evidently favors
damage from ion implantation. In that case, relaxation of the stresses arising on bombard-
ment occurs mainly not by plastic deformation (radiation creep) but by cracking.

Radiation-stimulated impurity diffusion should also play a certain part in the embrittle-
ment and surface damage. For example, we have made secondary-ion emission studies with the
SMI-300 Cameca microanalyzer along with Auger measurements, which have shown that helium
bombardment produces a prominent maximum in the contents of carbon and boton, and also segre-
gation of chromium in the surface layer (Fig. 6). This indicates that the deterioration in
the erosion resistance is due to change in the mechanical properties of a thin surface layer
arising from supersaturatlon with boron, carbon, and other interstitial components, since the
depth at which these lie in the irradiated layer corresponds to the thickness of the blister
tops (V0,15 um for Het of energy 20 keV).

Redistribution of the alloying elements is one of the reasons why heat treatment influ-
ences the radiation erosion. For example, the austenitization conditions control the dis-
tribution of carbon between the solid solution, the carbonitrides Nb(C, N), and the carbides
(Fig. 7a). The carbides dissolve, as do the carbonitrides partially, as the austenitization
temperature is raised, and the process is more rapid at the grain boundaries (Table 4). After
annealing at 1390°K for 30 min (steel 16-15) or at 1470°K for 5 h (alloy 20-45), the austenite
is supersaturated with carbon, molybdenum, niobium, chromium, and other elements, which re-
sults in many elastically distorted regions in the solid-solution matrix. Although the
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Fig. 7. Microstructure of 03Kh20N45M4BCh alloys annealed at
1320°K for 1 h (a) and correlation between the surface damage
(erosion coefficient) and microhardness for steels 16-15
(solid line) and nickel alloys 20-45 (broken line) on irra-
diation with Het with E = 40 keV and D = 1 x 10%2? ion/m? (e)
and 2 x 10*% ion/m® (O): 30, 70) annealing at 1320°K for 5

h + rolling; 31) 1170°K, 1 h + CD 20%; 32) 1170°K 1 h; 92,
102) 1170°K, 15 min; 33) 1320°K, 0.5 h; 93, 103) 1320°K, 1 h;
34, 44) 1390°K, 0.5 h; 96, 106) 1470°K, 5 h.

strength of the matrix on the whole is slightly reduced, as is indicated by the reduction in
microhardness after high-temperature annealing (Fig. 7b) and by the fall in dislocation densi-
ty and the dissolution of dispersed deposits (Table 4), one gets segregation of the inter-
stitial atoms at the surface, e.g., carbon and boron (Fig. 6). This alters the structural
state of the surface and produces conditions for large helium bubbles to arise and cracks to
originate in response to the gas pressure and the tangential stresses. Subsequent microecrack
propagation in the surface layer results in extensive exfoliation, i.e., as occurs in the
highly alloyed material 20-45 (106) annealed at 1470°K for 5 h (Fig. 1f).

Deformed and rolled specimens have strength characteristics higher than those found in
annealed ones, which reduces the number of failed blisters and thus the erosion. Also, the
pressure working produces a highly developed dislocation structure, with grain crushing, which
results in numerous failed grain boundaries and subgrains. The dislocations and grain bound-
aries are vigorous traps for the helium atoms and the vacancies produced by irradiation, and

they retard the formation of gas bubbles and therefore ultimately increase the critical dose
for exfoliation,

Therefore, appropriate alloying and microalloying can be used with choice of the thermo-—
mechanical treatment conditions to reduce the erosion on irradiation by average doses of
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helium ions. The austenitic chromiummickel steels 18-10 and 16~15 are more resistant to
erosion than high-nickel materials, which is of def1n1te practical significance in selecting
materials for a fusion reactor.
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RESULTS WITH PILOT BITUMENING PLANTS

I. A. Sobolev, L. M. Khomchik, ) UDC 621.039.73
V. V. Kulichenko, N. A. Rakov,
S. A. Dmitriev, and V, M, Chebyshev

To provide reliable final storage of low-level and medium-level wastes, a process of
incorporating these into bitumen has been developed in the USSR. Research on this process
was begun at the Central Radiation Safety Station in 1967. The initial product consisted of
solutions remaining after the evaporation of low-concentration radioactive wastes. The
average composition is given below (in some experiments borax was added to this, which is
usually present in the wastes from nuclear power stations with boron control):

Concentration, g/liter:

salt residue ¢ 4 v ¢ 4 o o o o o o o o o o s o 500-600
sodium Nitrate « o o o« o« e o o o o o o o o o o o 450~500
suspended particles « « o ¢ ¢ ¢ o + o o o 2 o 100-150
hydrated iron oxide . « ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢« ¢ o & 50-~100
SUTfactants . .« « « ¢ ¢ o o s o 0 o s s 8 e s 20-30
pH “ s e o & o o s 2 e s s s e s s 10-12
Specific B activity,
MBG/liter o o v o o o o o o o o s o o o o o o o o o 1.85-37
Main radionuclideS « o« v o v o o o o o o o & o o o o °°gr, *3%cs, *°7cs, °°Co

Density, KE/em® & ¢ v ¢ ¢ ¢ & o o o o o o o s o o o » 1.3-1.4

In 1970, a batch~operation hot-mixing apparatus was built based on a BO-75 bitumenizer
(vertical mixing vessel with blade stirrer)., Heat was supplied to the mass by electric
heaters of power 70 kW placed between the wall of the apparatus and the mixer. The working
volume of the reactor was 0.3 m®, while the throughput was up to 60 liter/h on the initial
solution,

During the operation, studies were made to develop the bitumening process and to reveal
the physicochemical features of the bitumen products [1]. Bitumens of various grades and
asphalt from petroleum refining were used. A water-wet emulsion was used to remove the salt-
bitumen deposits formed on the heating surfaces when local overheating occurred. At the same
time, some serious disadvantages of apparatus of this type were identified, in particular the
formation of foam on supplying liquid wastes to the surface of the molten bitumen, together
with the low throughput and the possibility of the formation of chars on the heating surface
when the heat flux was increased, and therefore such systems are undesirable for units of
high throughput.

Techndlogical studies in 1974~75 were used in a high-productivity system (the UBD-200)
for continuous bitumening of liquid radioactive wastes [2].

The process was divided into two stages in order to provide an acceleration: in the
first, the wastes were dewatered to give salts of a particular water content (heated roll
dryers were used), while in the second the moist salts were mixed the molten bitumen and at
the same time were finally dried, and the resulting bitumen compound was transported to the
unloading section (a screw conveyer was used).

The apparatus (Fig. 1) consists of four dryers with a heated surface of 2.5 m2 each, a
two-screw mixer of throughput up to 1200 kg/h, units for transporting and dispensing the
wastes in the bitumen, systems for purifying the steamgas mixture, a salt-transportation
unit, a system for heating the mixture, and a unit for removing the bitumen compound. The
dryers were heated by spiral electric heaters placed within the rolls, while the mixer and
the unloading unit were heated by a high-temperature organic material (ditolylmethane) with
forced circulation (temperature 180°C).

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 250-255, October, 1982. Original
article submitted December 7, 1981.
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Fig. 1. Two-stage apparatus for bitumenizing
liquid radioactive wastes type UBD-200: 1) waste
collector; 2) centrifugal pump; 3) intermediate
vessel; 4) pump feeding wastes to dryer; 5) dryer;
6) dust trap; 7) heat exchanger; 8) condensate col-
lector; 9) fan; 10) fine-filtration unit; 11) worm
for unloading salt from dryer; 12) worm feeding
salt to mixer; 13) mixer; 14) worm for unloading
compound; 15) shaping mold; 16) extraction hood;
17) pump for circulating heat carrier; 18) gas
separator; 19) expansion tank; 20) heat generator;
21) bitumen store; 22) bitumen feed pump; a) cool=-
ing water; b) to station for handling low-activity
wastes or to drainj; c¢) liquid radioactive wastes;
d) extraction ventilation.

The apparatus works continuously.. The liquid wastes are pumped by gear pumps from the
intermediate vessel into the dryer tanks. As the shafts rotate, a film of liquid waste is
dried out in one rotation, and the salts crystallize. The steam—-gas mixture leaving the
dryer passes through a separator filter, a heat exchanger and condenser, and fine-filtration
units, The salts from the rolls are transported by screws to the mixer, which is supplied
by bitumen from the store at a temperature of 160°C by a gear pump. The water content of
the salts entering the mixture is 15-17%, as against 4-5% at the exit from the mixture; the
throughput of the mixture as regards evaporated water is ~20 liter/h, while the time spent
by the salts in it is A2 min. The choice of optimum salt water content provides with the
above maximum throughput for minimum transfer of the salts into the steam—-gas phase., The
purification factor for the condemsate is 3 x 10®-5 x 10°,

The amount of salt that can be mixed with the bitumen in this apparatus is almost un-
limited. However, the mixture becomes inhomogeneous if the salt content is more than 80%
and one can see salt ¢rystals that are not enclosed in bitumen.

The salt—bitumen product is unloaded from the mixer at a temperature of 125-130°C into
shaping vessels of volume 0.5 m®. The matrix material is a BNK-2 bitumen (softening and
boiling temperatures 38 and 240°C respectively, penetration 18.3 mm).

The mean daily throughput of the apparatus is 200 liter/h on the initial product with an
energy consumption of 1500 kWeh/m® of initial solution.

Operation of the UBD-200 for two years revealed the following deficiencies in the two-
stage bitumening in this way:

1) the poor viability of some units, particularly those related to intermediate salt
transfer;

2) complicated design and complicated servicing;

3) large specific energy consumption.
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Fig. 2. Apparatus for bitumenizing liquid
radioactive wastes type URB~8: 1) waste
feed pump; 2) waste receiving vessel; 3)
immersed dispensing pump; 4) intermediate
vessel; 5) KRP-600-8S rotor film evapo-
rator; 6) separator filter; 7) heat ex-
changer; 8) fan; 9) condensate-collection
vessel; 10) screw transporter; 11) vessel
for bitumen compound; a) blower; b) local
extraction; c) steam; d) water; e) steam
condensate; f) cooling water; g) special
drain.

This gave interest to a one-stage continuous bitumening process using, in particular,
rotor film evaporators, where the water evaporates from a thin film flowing down a heated
vertical cylindrical wall of wastes and bitumen. A thin layer of solution and bitumen is
mixed by blades attached to a rotating vertical rotor, which intensify the heat and mass
transfer and at the same time clean the heating surface, which is heated by technical steam.

In 1978, the URB~8 apparatus was commissioned at the station (Fig. 2), which employed a
standard KRP-600~8S film rotor evaporator used in deep watering chemical products. This ap-
paratus includes equipment for temporary storage and dispensing of liquid wastes and bitumen,
the rotor bitumenizer, a heat exchanger and condenser, apparatus for cleaning the steam—gas
mixture, a system for unloading the bitumen—salt mixture (compound), and mobile vessels for
solidifying it. '

The KRP~600-85S is made of 12Kh18N1OT steel and consists of a body, a rotor with drive,
and sealing and bearing units. The body of the apparatus is a cylinder with a separator in
the upper part and steam-heating jackets. According to the technical characteristics of the
evaporator, the heat-transfer surface is 8 m®, the speed of the rotor is 59 rpm, the height
is 12 m, the internal diameter of the body is 0.6 m, and the pressure of the heating steam
is up to 1621.2 kPa. The rotor takes the form of a shaft bearing disks, with hinged blades.
In the upper part of the shaft there is a distribution ring, which provides ‘for uniform supply
of the components to the wall of the bitumenizer. »

The technological scheme (Fig. 2) is as follows. The liquid wastes pass from a receiving
vessel of volume 3.5 m® through a feed pump (up to 3 m®/h) to another intermediate vessel,
from which they are transferred by a gear pump (0.1-0.7 m®/h) to the distribution ring., A
gear pump supplies the molten bitumen (temperature 130°C) from a store. The wastes and the
bitumen pass from the distribution ring over the internal heated surface, where they encounter
the blades on the rotor, and they are mixed and distributed over the surface as a descending .
film. The water evaporates as the film moves downwards. The dehydrated bitumen compound is
unloaded into vessels by a screw transporter. The internal surfaces of the vessels are lined

with paper, and frames are fitted into them with projecting hooks for removing the solidified
blocks.,. :

The steamgas mixture is partially freed from the’ condensed phase in a centrifugal sepa-
rator in the upper part of the evaporator. Then the mixture passes to a gridded separator
filter having several layers of filter grid made of 12Kh18N1OT steel. The purified steamr-gas
mixture passes through a heat exchanger, where the water condenses and flows into a collector.
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TABLE 1. Properties of:Bitumens

. Properties BN-2 BNK-2 BN-3 BN-4

Penetration (using.| 81—180 | 41—80 2140
aneedleat25°C), i
0.1 mm .

Softening tempera- 40 45 70
ture

Boiling tempera- 240 200 230
ture in_open cru- -
cible, *C(not less
than)

R

[

BN

Radioactivity extracted, 1029
~N

10‘5' i i L L B y - 30 40 50 80
200 400 600 80O - 1000 T, days Salt content, %
Fig. 3 ' Fig. &

Fig. 3. Dependence of escape of radionuclides from bitumenized
wastes (bitumen BNK-2) on degree of filling: O,-4,.0, ®) salt
contents of 59, 50, 42.3, and 327%; specific radioactivities
2.59, 7.4, 0.41, and 5.18 mBq/m®, respectively.

Fig. 4. Effects of salt filling on relative radioactivity of
nuclides escaping from bitumenized wastes (O from experiment).

Then the gas flow passes through a system of fine-filtration units (the first stage is pro-—
vided by Lavsan fiber and the second by FP cloth) and is discharged through a chimney into
the atmosphere. ’

The apparatus was operated for 800 h-during trials and routine working. The specific
throughput from 1 m? of heating surface under optimum conditions was 60 liter/h (on the actual |
product) at a heating-steam pressure of 810.6 kPa. The mean daily throughput of the bitu-
menizer was 400-420 liter/h with a specific energy consumption of ~1000 kWh/m® of initial solution..
The optimum salt incorporation was 60% from the viewpoint of the process (the unloading from
the apparatus ceases at a higher salt content on account of the increase in viscosity). The
water content of the compound does not exceed 5%, and the fall in temperature is 125-135°C,
when the viscosity of the product is in the range 45-60 P (4.5-6 Pa-sec).

The purification factor on the B activity in the apparatus working with the steam—gas
flow was 5-6 x 10°, where the purification coefficient in the separator filter was 2.4-2.5 X
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102, and the specific radioactivity of the stack gas on average was 1.3 MBq/ms;ﬁthe oil con-
tent of the condensate was not more than 15-20 mg/liter, while the salt content was not more
than 150 mg/liter. Experience with the URB-8 showed that the equipment was viable and simple
to service and monitor, while the entire system was suitable for routing use.

In parallel with this development and testing, the station examined the migration of
radionuclides from the bitumen blocks. The scope for storing radioactive wastes directly in
the ground is largely determined by the geological and hydrological conditions.

Since 1968, we have performed experimental storage of bitumenized radiocactive rocks in
the ground and on an open area [1]. The experimental area was on a water-divide surface and
had hindered surface runoff. The first aquifer with a pressure up to 10-15 m was associated
with Upper Cretaceous beds. The depth of the top of the aquifer in the storage area was 74
m., This aquifer had infiltration supply without flow into rivers. The filtration coeffi-
cient for the water-bearing beds varied from 0.2 to 4.0 m/day. The rocks overlying the aquifer
consisted of moraine beds composed of clays and loams of thickness up to 74 m. The filtra-
tion coefficients for the clays and bands of loam were 0.004 and 0.038 m/day, respectively.

Surface waters were fairly abundant, so the water content of the soil at a depth of
2~2.5 m was 27-30%. The soils covering the first aquifer were composed to 11-30% of clayey
particles, and mineralogically these were represented by kaolinite, montmorillonite, and
hydromicas, which were responsible for the low water permeability and good sorption. TFor
example, the ion-exchange capacity of these beds ranges from 15 to 36 mg-eq/100 g, while the
separation coefficients for ?°Sr and '®7Cs are, respectively, 140 and 800. On the whole,
the geological and hydrological conditions are favorable and should rule out the entry of
radionuclides to the first aquifer.

Experimental storage was performed with bitumen blocks obtained by processing radioac-
tive wastes of specific activity 0.37-37 MBq/liter. We used bitumens of grades BNK-2, BN-2,
BN-3, and BN-4 (Table 1). The radioactivity of the waste was due in the main to *37Cs (up to
90%) and °°Sr (up to 8%), while the salt composition of the wastes was 80% sodium nitrate.

In the experimental area, the specimens were in open racks made of stainless steel,
which were installed on bases equipped to collect the precipitation that had been in centact
with the bitumen. To examine the behavior of the bitumenized wastes in open ground, special
experimental stores were built (trenches of depth 1~2 m) into which the bitumen products were
loaded as blocks (1150 x 740 x 800 mm) in two ways: directly on the ground and on a metal
base equipped to take samples of water. This monitoring of the water samples indicated the
amount of radionuclide entering the water. The stores in which the blocks lay directly on
the open soil were opened up to examine the contamination aureole.

Figures 3 and 4 show the dependence of the radionuclide leaching on the salt content.
As in the case of laboratory experiments, most of the radionuclide leaching occurred during
the initial period of storage, after which the leaching rate fell considerably. . A product..
with a 'salt concentration of 32% released 17 kBq into the water in 1215 days (1.4 x 10~3% of
the initial radioactivity); at 42% salt, the release was 2.3 kBq in 1084 days (1.5 x 10-3%),
at 50% it was 407 kBq in 1215 days (1.7 x 10-3%), and at 59% in the same time it was 407 kBq
(4.0 x 10-2%). The field studies thus confirmed that it is undesirable to increase the con-

centration of soluble salts in the bitumen above 40-45% (results obtained with BNK~2 bitumen).

Figure 5 and Table 2 show the effects of bitumen type on the leaching.

TABLE 2. Escape of Radionuclides into
Water in 1215 Days

Salt conce Tiﬁti‘ﬁeavcfﬂ’é? Radioactivity-
i tration
Bitumen mass b kBq extracted
BN K-2 32 17 1.10-3
BN K-2 46 2,7 1.10-3
BN 2 44 6,8 2-101
BN-3 28 25 4.10-3
BN-4 27 520 8.10-2
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Fig. 5. Dependence of escape of radionuclides from bitumenized wastes on
type of bitumen: A, O, O ) bitumens BN~4, BN-3, and BN-2; salt contents
27.3, 27.7, and 32%, specific radioactivities 0.83, 0.89, and 5.13 mBq,
respectively. .

Fig. 6. Escape of radionuclides from bitumenized wastes using bitumen BNK-2
alone (A) with the addition of potassiummickel ferrocyanide (0J).

Fig. 7. Distribution of radio-
activity (numbers on curves) in
soil around bitumen block in
store: 1) bitumen block; 2) sur-
rounding soil.

It was difficult to evaluate the differential trapping of the radionuclides from water
analysis for bitumen blocks stored in the ground because of the partial sorption of the radio-
nuclides in the soil (laboratory tests have shown that the leaching rate for cesium is higher
than that for strontium).

We determined the radionuclide contents in water that had been in contact with the bitu-
menized wastes on storage in the ground and found that after 1215 days the yields of 9°Sr,
%%Co, and '27Cs were 2.4 x 1072, 7.0 x 10~%, and 2.3 % 10~% g/ecm?. The proportions of the
radioactivity due to ®°Sr and ®°Co decreased with the passage of time, while therefore '37Cs
tended to increase, evidently because the cesium is taken up more vigorously by the soil than
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are slruucium ana copalt. WILD LNe passdge oOL ULMe nowever, Tthe grouna becomes saturated
on account of the sorption of sodium, which is eluted from the block, and therefore the up-
take of cesium decreases, while the content in the water increases. If the wastes contain
borax (>10 g/liter), the bitumen blocks have low water stability. In that case, the proper=-
ties of the blocks are considerably improved by introducing a small amount of potassium—
nickel ferrocyanide (Fig. 6).

There is considerable interest in the distribution of the radionuclides around bitumen
blocks stored in the open soil for 11 years (thickness of soil over a block 0.6 m). We ex-
amined soil specimens taken at various distances from a block. Figure 7 shows that the
maximum radioactivity occurs directly under a block (36 kBq/kg). The maximum distance
at which the radioactivity of the soil exceeded the background wvalue (the background
specific radioactivity of the loam 1.71 kBq/kg) range from 40 to 26 cm, i.e., the migration
speed was 3.6-2.5 cm/yr, which is less by a factor 10-15 than the rate of propagation of
radionuclides from cement blocks stored in the same soil [3]. Also, the bitumen blocks were
well preserved after 11 years storage in the open soil, in spite of the long~term action of
the moist soil, and the freezing and thawing that occurred because of the shallow depth. The
boundary between the bitumen and the soil was sharp, and the bitumen was plastic and lustrous
in section,

It has thus been found that liquid radioactive wastes can be incorporated into bitumen
in equipments of various designs. The rotor film evaporator is the most promising. The
reliable trapping of the radionuclides in the bitumen compound is confirmed by observations
on bitumen blocks from prolonged storage in open soil.
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PROSPECTS FOR THE DEVELOPMENT

OF NEUTRON-ACTIVATION ANALYTICAL
FACILITIES BASED ON POWERFUL
ANTIMONY—BERYLLIUM SOURCES

G. N. Flerov, Yu. N, Burmistenko, UDC 550.835
Yu. V. Dyadin, Yu. S. Zamyatnin,

A. A. Medvedev, A. A. Sal'nikov,

and Yu. G. Teterev

During the last decade, both in the Soviet Union and abroad, work on the construction of
neutron-activation analytical facilities with nuclide neutron sources has been widely de~
veloped [1-3]. This is because these facilities, in which the content of the elements being
analyzed amounts to 10~°-10~° mass %, are of the greatest importance for analytical monitor-
ing. In this case, fot the activation of samples a neutron flux density of 10°-10° neutrons/
(cm?-sec) is sufficient, which can be provided by means of neutron sources giving a yield of
10%-10%° neutrons/sec: sources based on spontaneously fissile ?°2Cf have acquired the greatest
popularity [4, 5]. Based on these sources with a yield of 10°-10'° neutrons/sec, several
experimental facilities have been constructed by the Institute of Nuclear Physics of the
Academy of .Sciences of the Uzbek SSR, the Institute of Chemistry Far-Eastern Research Center,
the All-Union Scientific—Research Institute of Nuclear Geophysics and Geochemistry, the
Yansk Geological Exploration Expedition, and the North-Eastern Industrial Society (6, 7].

Together with these sources, there is great practical interest in the problem of the use
for these same purposes of powerful antomony—beryllium neutron sources, the most important
advantages of which are the "soft" neutron spectrum, providing a high contribution in the
resonance region of energy; the absence of fast neutrons, excluding the possibility of inter-
fering reactions taking place; a low cost of the source [8]; and simplicity of transporta-
tion (after removal of the antimony-124 source from the beryllium block, only shielding from
y-radiation is required).

The wide application of 1245 sources is limited by. the short half-life (TL/2 = 60 days)
and the high specific y-activity, requiring heavy shielding. However, with the modern level
of development of shielding technology, operations with these sources do not cause difficul-
ties, and the present-day network of research and power nuclear reactors can ensure the pro-
duction and regeneration of the activity of a large number '?“Sb sources.

Many works [8-11] have deen devoted to the study of the feasibility of 1246 Be neutron
sources for activation analysis. The antimony—beryllium sources used in them for the most
part were ampuled rods of activated metallic antimony, surrounded by converter of metallic
beryllium with a mass of 50-100 g [8]. With this design of source, the utilization factor
of the '2“Sb is small, since the major part of the quanta passes through the layer of beryl-
lium without interaction. Moreover, in these experiments, hydrogen—containing moderators
were used (water, paraffin), which leads to a high neutron flux gradient in the region of
location of the samples and to a low contribution in the resonance region of the neutron !
energy. :

The authors of the present paper during 1979-1981 conducted a cycle of investigations
directed at an assessment of the applicability of powerful antimony—beryllium neutron sources
for activation analysis, the optimization of moderating compositions, a study of the condi-’
tions of manufacture of powerful '?“Sb sources, the construction of experimental facilities, |
and the conduct on them of experimental work on the development of activation analysis pro- |
cedures [12-14]. Staff of the Laboratory of Nuclear Reactions of the Joint Institute for
Nuclear Research, the Faculty of Nuclear-Radiometric Methods of the S. Ordzhonikidze Geologi-

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 255-260, October, 1982. Original
article submitted March 9, 1982.
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Fig, 1. Spatial distribution of the flux density of thermal (e, ], A)
and resonance (o, W, A) neutrons in graphite cubes of different di-
mensions. Beryllium block 28 x 28 x 20 cm. Activity of '2“Sb, 50
Ci: O, ® ) side of cube 90 cm; O, m ) 70 cm; A, A) 50 cm.

Fig. 2. Spatial distribution of the flux demsity of thermal and reso-
,nance neutrons in beryllium blocks of different dimensions. Graphite
cube 70 x 70 x 70 cm. Activity of '2“Sb, 50 Ci: O, ® ') dimensions of

block 48 x 48 x 20 cm; O, m) 28 x 28 x 20 cm; 4, A ) 18 x 18 x 10
cm.

cal Prospecting Institute, Moscow, and the Institute of Theoretical and Experimental Physics
participated in the work.

The main difference between our work and the previous ones, is the use of beryllium
converters of large mass (in this case the beryllium is used simultaneously as the material
generating the neutrons and also as part of the moderating composition) and also neutron
moderators and reflectors not containing hydrogen. This has led to a new quality of the
irradiation facility: The gradient of the neutron flux density has been reduced significantly;

it has allowed large batches of samples to be irradiated simultaneously, and the flux density
of resonance neutrons has beenr increased significantly.

Neutrons Fields of an Antimony—Beryllium Source in a BerylliumGraphite Composition.
The dependence of the spatial distribution of the neutron flux density on the dimensions of
the beryllium block and the graphite reflector was studied experimentally by means of the

activation of gold foils [13]. The results, which are shown in Figs. 1 and 2, allow the
following conclusions to be drawn:

1) The flux density of resonance and epicadmium neutrons, right up to a distance of 20
cm from the center of the cube, is almost constant with increase of the thickness of -graphite;

2) the thermal neutron flux density is almost identical for graphite cubes with sides
of 70 and 90 cm;

3) with increase of volume of the beryllium block from 3.2 to 4.6 dm®, the thermal neu-
tron flux density increases by a factor of 3, and the epicadmium and resonance neutrons by a
factor of 1.5. This confirms the "softened! spectrum of the neutrons with increase of the
amount of beryllium, which is a much better moderator than graphite.

For the purpose of comparison of the '?“Sb—Be-source with a spontaneous fission source
of 232Cf, the spatial distribution of the neutrons also was measured for the latter. The re—
sults of the comparison allowed us to conclude that because of the lower initial energy of
the neutrons, the '?“Sb—Be source generates a flux density of thermal and resonance neutrons
greater by a factor of 2 than the californium source with the same yield [13].
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Fig. 3. Antimony—beryllium—pgraphite as-
sembly in section: 1) graphite 2) cadmium
filter; 3) beryllium; 4) container with
t24gh source;y 5) samples to be activated;
6) rod.

The data obtained concerning the neutron fields of the antimony—beryllium source in
different moderators can be used for the optimization of the moderating assemblies, designed
for the neutron-activation analysis of samples., The optimum size of the graphite moderator
is a cube with a side of 70 cm, and further increase of its dimensions does not lead to an
increase of the neutron flux density. It is more complicated to draw and unambiguous conclu-
sion about the optimum dimensions of the beryllium block, because with increase of the mass
of beryllium, the flux density of thermal neutrons mainly increases. The choice of dimen-
sions of the beryllium block depends also on the designation of the facility. When using a
beryllium block with a .mass of %30 kg, the thermal neutron flux density per 1 Ci near the
center of the cube amounts to ~2+10* neutrons/(cm®¢sec), and the resonance neutron flux densi-
ty is 1.5.10% neutrons/(cm®.sec) per unit interval of lethargy (1 Ci = 3.700-10%° Bq).

Assessment of the Feasibilities of Neutron—Activation Analysis on a Facility with an
Antimony—Beryllium Neutron Source. We had previously used an antimony—beryllium source of

low activity [12, 13]. The results of these experiments allowed us to estimate the required
initial activity of the 124gh gource, to choose the point of location of the samples in the
moderating medium and the necessary dimensions of the beryllium block and the graphite moder-
ator. Undoubted promise was shown for the use of antimony—beryllium neutron sources for

the activation analysis of the composition of a substance, in particular, geological samples.
The main cycle of the experimental -work was conducted on a neutron-activation facility with

a powerful antimony—beryllium source with an activity of up to 1200 Ci. When constructing the
assembly, account was taken of the experimental data concerning the neutron fields of anti-
mony—beryllium sources in different moderators. As the transportation of powerful **“sb
sources has not yet been resolved organizationally, it was advantageous to install the neu-
tron-activation antimony—beryllium—graphite assembly (Fig. 3) in the shielded chamber of a hot
laboratory for a nuclear reactor [14]. The assembly consisted of a graphite cube with di-
mensions of 700 x 700 x 700 mm, inside of which was installed the beryllium block with di-
mensions of 300 x 300 x 300 mm and with a horizontal channel of 40 x 40-mm cross section.

At -the center of the beryllium block the container with the 1248}, source was placed, to which
was attached a rod for withdrawing the source from the assembly. Inside the beryllium block
there were two horizontal slits with a height of 25 mm for placing the samples to be acti-
vated.

Figure 4 shows the construction of the 1249 sources used. The container and cover are

made of aluminum. The source is composite, assembled from five separate blocks, each being

a cylindrical hermetically sealed aluminum capsule with a diameter of 33 mm and a height of
31.5 mm; inside it is placed a casting of metallic antimony with a mass of 100 g. Each block
is irradiated in the reactor in its individual container and then all the blocks are delivered
to the hot box and, by means of a remote handler, they are packed into a single container
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Fig. 4. Diagram of the construction of the '?“Sb source: 1) container body; 2)

block of metallic antimony; 3) casing of block; 4) container lid; 5) rod.

Fig. 5. vy-Emission spectrum of the induced activity of a sample of gold-bear-—
ing ore irradiated in the antimony—beryllium-graphite assembly. Activity of the
1245h source 400 Ci. ’

(see Fig. 4). The cells with a diameter of 70 mm and a height of 15 mm, into which the sam-~
ples to be activated are placed, are made of polyethylene. The mass of the powdered material.
packed into the cell is 50-80 g. Before being placed in the assembly, the samples are ar-
ranged on trays which, if necessary can be screened with a cadmium sheet. At the time of
interchanging the samples, the source is withdrawn from the assembly and by means of a con-
veyer is transferred to an adjoining shielded chamber,

Experiments were conducted on the activation analysis of samples of ‘gold-containing ores
from different locations of the Soviet Union; the initial activity of the sources was from
300 to 1200 Ci. A sample of RZS-1, with a gold content of (52.1 #* 1) g/ton was used as a
standard sample; the samples were irradiated during 1-3 days and the y-emission of the in-
duced activity was measured on semiconductor spectrometers with Ge(Li)~detectors with a volume
of 80-120 cm®. 1In order to take account of the nonuniformity of the neutron flux density
in the zone of location of the samples, each sample was irradiated together with a monitor.
Figure 5 shows one of the y-emission spectra of a sample of gold-containing rock with a gold
content of 2.1 g/ton. Photopeaks of the radionuclides of various elements can be distin-
guished in the spectrum. With a '?“Sb activity of 400 Ci and defined time conditions of
analysis (irradiation 24 h, holding 1 h, measurement 0.25 h), a limit of determination of
gold of 0.2 g/ton (2+10-°7%) is ensured. The minimum value of the limit of determination of
gold is 0.06 g/ton (6+107°%) and is obtained with a time of irradiation, holding, and mea-
surement of 3 days, 1 day, and 1 h,respectively. The results of the analysis of certificated
specimens showed good agreement with the data of the assay analysis.

The following values of the limit of determination of different elements with the anti-
mony—beryllium neutron source with an activity of 400 Ci were obtained on synthetically pre-

pared samples (a mixture of quartz sand with oxides and salts of the elements to be deter-
mined) :

Na, K, Ga, Ce, Tu, Se, Rb, Ag, Cd + ¢« ¢« ¢ « & o « o o« o« « 5°10~3~1°10-°
Coy Dy, Ho, Lu, Hf, CS, U v ¢ o o o o o o o o s o o o o » 107°—5-10"*
Mn, As, Ta, Sb, La, W, Pd & 4 v ¢ ¢ « o o o« o o o o « o o 5¢10=%=1+10"%
Smy, Euy AU & 4 ¢ 6 0 6 e 4 ettt e e e e e e e s e e e e 1e10%-1-10-%°

Preparation of the '2“Sbh Sources. In order to ensure a sufficiently high sensitivity of
the neutron-activation analysis, it is necessary to use sources with a yield of 10°-10%°

neutrons/sec. According to the data of [12, 13], this yield is provided by an activity of
the *2“Sb source of ~10%-10° Ci.

Figure 6 shows the calculated curves of the buildup and decay of the isotopes of arsenic
for a neutron flux density of the reactor of 3-10'® neutrons/(cm®sec) and a mass of metallic
antimony of 500 g. The curves are calculated for a continuous operating cycle of the reactor.
It can be seen that in addition to '?“Sb the short-lived nuclide 22Sh (T1/, = 2.8 days) is
formed, for which the saturation activity amounts to 8 kCi. Therefore, in order to reduce
the radiation hazard after completion of the irradiation of the antimony in the reactor, it
is necessary to cool for 15-20 days. It follows from the data shown in Fig. 6 that activa-
tion of the antimony should be carried out over 30-50 days. On completion of this period,
the activity of the source amounts to 1100-1700 Ci. After cooling for two weeks (in order to
reduce the '22gp activity), the activity of the '2“Sb is reduced to 1000-1500 Ci.
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Fig. 7. Diagram of a shielded transportation con-
tainer for a *2“S$b source.

Fig. 8. Thickness of shielding (a) and mass of
-container (b) for the transportation of 124gy,
sources in accordance with the third transport
category.

_ This source, installed in the beryllium converter, provides a yield of neutrons of
n(2-3)+10*° neutrons/sec. After a half-year of operation, the activity of the source is re-
duced to 120-200 Ci, which provides a neutron yield of "(2.5-4)+10° neutrons/sec., Thus, by
replacing the source once during the half-year, a neutron flux density can be obtained in the
activation facility within the required limits. - Over the period of the experimental work, 6
sources of '?“Sb were prepared with an activity of 300 up to 1200 Ci. One of the sources was
three times subjected to regeneration of its activity in the reactor.

Estimate of the Parameters of a Transportable Container. The bulk use of antimony—beryl-
1ium sources for neutrom-activation analysis in the first place raises the problem of trans-
portation of the sources from the reactors to the customers. A numerical estimate of the
dimensions and mass of a shielded container was performed (Fig. 7) in order to transport t24gp
sources according to the third transportation category [15]. Starting from our experience in
the construction of *2?%Sb sources, it was assumed in the calculations that the height of the
source h is equal to 170 mm and its diameter dj is 40 mm. The calculation was performed by
the method of "competitive lines" [16] for the shielding materials lead, tungsten, and uran-
ium (see Fig. 8a). The data obtaindd allowed the mass of the transportation container to be
estimated, calculated for 1260y gources of different initial activity (see Fig. 8b).

Thus, for a source of 1240h with an activity of 1000 Ci, the diameter and height of the
lead container should be 500 and 610 mm with a mass of 1100 kg, and those of a uranium con-
tainer — 280 and 410 mm, with a mass of 470 kg.
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Course of Future Work. The next step in the development of neutron-activation analysis
with ““"Sb—Be neutron sources is the construction of industrial facilities. The most impor-
tant challenges in the solution of this problem are: the construction of a transportation
container with a system for admitting the source into the activator; the development of a
system for loading and discharging the samples; provision of possibilities of analysis for
both short-lived and longj}ived radionuclides; standardization of powerful *?“Sb sources,
and the organization of their production in research and power-generating nuclear reactors.
In order to ensure uniformity of the neutron flux in the region of location of the samples
being activated, it is advantageous to use a cylindrical geometry for the activator. Calcu-
lations show that in a single activator 70-150 samples can be irradiated simultaneously.

CONCLUSIONS

When using antimony—beryllium neutron sources for activation analysis of the composition
of a substance, the problem of the analytical monitoring of many elements can be solved with
a limit of determination of 10-2-107°%. Based on the data obtained by the authors concerning
the spatial distribution of the neutrons from a '?“Sb—Be-source in different moderators, a
beryllium—graphite assembly with a powerful *2“Sb source has been designed, manufactured,
and introduced into operation, for neutron-activation analysis.

124

As applicable to the Sb—Be—graphite assembly, a procedure has been developed for the
neutron-activation determination of gold, with a‘limit of determination of 2:10~°%. The
possible limits of the neutron-activation determination of certain other elements have been
estimated. 1In order to ensure operation of the facility with recharging of the source once
in 6 months, it is advisable to carry out the preparation of a source in a neutron flux with
a density of 3.10-%° neutrons/(cm’-sec) during 30-50 days (for a mass of metallic antimony
of 500 g) with subsequent two-week cooling in order to reduce the *22Sb activity., Initial’
data have been obtained for the design of a transportation container for powerful '?“Sb
sources.
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LETTERS TO THE EDITOR

STABILITY OF A NUCLEAR REACTOR
WITH NATURAL CIRCULATION OF A
LIQUID FUEL

V. A. Blinkin and E. I. Emel'yanov UDC 621.039.512.4

Reactors with circulating liquid nuclear fuel, which is simultaneously also the coolant,
have been studied since the mid-1950's [1]. Reactors operating on aqueous solutions of
uranium, liquid-metal reactors, and liquid-salt reactors [2] belong to this type. These re-
actors, in principle, can operate in natural circulation conditions of the fuel coolant [3] (Fig.
1). The stability of the steady-state regime of this system is determined by the nature of
the power feedbacks, which are effected through the reactivity temperature coefficients (RTC)
and the characteristic time of response of the system parameters to a change of reactor power.

Let us consider a thermal reactor, in the core of which a stream of liquid fuel flows
in channels surrounded by the moderator. We shall describe the physical model of the dynamics
as a multipoint system with lumped parameters in each section. The temperature feedbacks are
characterized by two RTC: ep with respect to the temperature of the liquid fuel T, and gy
with respect to the temperature of the moderator in the core Ty. The effect of delayed neu-
trons is described in the approximation of a single equivalent group. We shall assume the
heat-transfer coefficients and the specific heat of the fuel and moderator to be comnstant,
and we shall write the dependence of the fuel density on the temperature in the approximation

Y(M =9y, 1—a (T—T;)], a=const, (1)

with (T — To) € 1, so that the difference of y(T) from yo can be neglected everywhere, with
the exception of the term describing the driving pressure head of the natural circulation.

On this assumption, the system of equations for the dynamics can be represented in the
following way:

A. Neutron kinetic equations:

AN _EB v e 2
ac _ B 1o _ e
W“—I_A —7\.C+T—1(C-1.C C); ) . 3
k=ko+4-tx (T1—"To) - (Tm—Two) (4)

A
where Cy . = C(t — tgle” To [4]; N is the reactor power; C, the concentration of delayed neu-
n

tron emitters; Tg = .2% T43 T4 = Tio/E is the time of transit of the fuel through the i-th
1=
section of the circuit (see Fig. 1); k is the reactivity; 1, average lifetime of the prompt
neutrons; B, delayed neutron fraction; tjo = m;Gpops where mj is the mass of fuel in the i-th
section of the circuit; & = G(t)/Gpoms where G(t) and Gnoy are the mass flow rate of the fuel
at the instant t, and its value in the nominal regime. The subscripts "i.c" and "i.h.e"
denote variables at the inlet to the core and heat exchanger, respectively, and the subscript
0" denotes the values of the variables in the steady-state regime.

B. Heat-exchange equations:

Translated from Atomnaya énergiya, Vol. 53, No. 4, pp. 261-263, October, 1982, Original
article submitted May 4, 1982.
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Fig. 1. Diagram of the fuel circula-
tion in a reactor with liquid metal
fuel circulation: 1) core; 2) trac-
tive section; 3) upper horizontal sec-
tion; 4) heat exchanger; 5) descend-
ing section; 6) lower horizontal sec-—
tion; 7) secondary coolant circuit.

\

ar,

Tl'dt :—IE(Ti.C ._T1)+A1N~I*A2 (TM%TI); » ) (5)
Tm dstM; T, —Ty+-AgN; 6)

T, ddT; =E(Tic —To+A, (T, —T); _ (7
Ti.C (t) =T (t—T3— 1), T i.h.e Q) =T (t—T15—14), (8)

where T; and Ty are, respectively, the average temperature of the fuel in the i~-th section
and the temperature of the heat-exchanger wallj;

A],-T_L__a Ay = k1858 —_* .
ei6nom’ ' eGnom” ° ki Siy
kS
== ’
PG nom

a-is the fraction of the bulk energy release in the moderator; Séi), surface area of the heat-
exchangez,}n the i-th section; c, and cy, specific heats of the fuel and moderator; Ty =

i

TO

mMcM/kiS » where my is mass of the moderator in the core; ki, heat-~transfer coefficient in
the i-th section, :

C. Heat~transfer equations:

The driving pressure head of the natural circulation is determined by the expression

AP.Id:a\’og ey Ty -1y Ty— 0y Ty — R T5); (9)
t
Lr,—1 Tyor £ < Ty
Tr_{ =T+ T £<T,
Ty 1>y

t
r {I—E(T4—Tlo)+m,t<r5:
5:

Ty, t > 15,

of the cir-
the frictional drag and the fuel

where g is the acceleration due to gravity; hy is the height of the i-th section
© cuit. The hydraulic losses in the circuit are determined by
acceleration losses, i.e.,

Ap.=K,, %E?_*_chgz, ’ (10)

where
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G Ghorn < i
_1'101‘1'1.21 anTli; Koe— ggom.u-i %%_ :

S; and a; are the cross—section of the circuit and the hydraulic drag coefficient in the i-th
section, .

The natural circulation regime is determined by the condition AP4 = AP., which gives

] .
ch_‘%_*_chgZ:‘aYog (h1T1+h2T2—h4T4—h5T5) (11)

and in the steady-state regime Kz,£3 = aYogoH(Ti0 — Tuo), where H = h; + h, = h, + hs.

The stability in a small dynamic system was investigated by the method of D-partition
[5] with respect to two parameters — €y and egy. In order to. conduct the investigation, the
system of equations (1)-(11) was linearized and Laplace-transformed with the parameter p;
p = jw was put in the characteristic equation, formulated in this way and, after separation
of the real and imaginary part, the D-curve equation was obtained in parametric form. This
curve, in the plane of the parameters (eT, ey) defines the boundary of the region of stability
of different orders. With p = 0, the characteristic equation is described by a singular
straight line, by crossing through which the sign of one real root is changed. The equation
of the straight line has the form

2 Aa) kaSzt J 1 By _%4_(1+ 2 fi)-i'1—(i+?~rno/§o>ekp(——hfn.;/&o) _

F e ?M’zef“m[”“(”?z 50 | 3 Bhom E T3ty ofE0—exp (— Mgl (12)

where AT, ., is the temperature drop of the fuel in the core in the nominal regime; ¢'==&%iﬂg

. : 6

{1+ Aty o/Eg—exp (—ATp/Ee)} 5 Tmo = 2 ;5. The function F(ep, €y) has the physical meaning of the
: ’ v i=2

. steady-state reactivity coefficients, for which the condition of negativity is an essential
condition of the reactor stability.

We note that with a sufficiently good heat -exchanger (A, >> 1), the delay due to the time
of transit of the fuel in sections 2, 3, 5 and 6 (see Fig. 1), will not appreciably affect
the behavior of the system, since in this case T, will be only slightly sensitive to the re-
actor power. Therefore, only 7., T4 and Ty remain the essential characteristic times of the
system,

An analysis of the equations obtained for the D-curve indicates that in the plane of the
parameters (Tio/Ty and T.e/Ty) three characteristic regions exist, in each of which the num-
ber of D-partition zones with a different order of stability is different. As an example,
Fig. 2 shows the D-partition for these regions of a high-temperature, liquid-salt reactor
(HTLSR) with the following parameters:

T, =1300°C; Tyo=1100°C; Tyo==1400°C; T = 1000°C;
A, =194 Ay—042; A, =50; 4,=5; B=0.0032; (13)
A=0.sec™! 1y = 33 sec.

For this reactor, eq < 0 and ey > 0, i.e., its working point is found in quadrant II of
the plane (ep, €y). '

Figure 2a shows the boundaries of the D-partition for a system with the parameters of
(13) for T;o/TM = 0,41 and TaofTM = 0.52. It can be seen that quadrant II is divided by the
straight line into two regions; the lower is the region of stability and the upper is the
region of aperiodic instability. The working point of reactor being considered (eT =
~1.110"%°C~! and ey = 1.4°107°°C~') is located for this in the region of stability, whereas
the working point of the MSBR-1000 [2] (e = —3.3:107°°C™? and ey = 2,4.107%°C"!) is in the
region of instability. It can be seen from this same figure that taking account of the actual
values of the times T,, Ts, Ts, and Tg (cuﬁve 2) does not lead to a significant change of

- O
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Fig. 2. D-partition in the
plane of the TRC (eT, eM) for
Tio/tM = 0.41, Tao/Ty = 0.50
(a); 2.9 and 3.6 (b); 8.2 and
10.4 (c); S is the region of
stability, and AI and VI are
the regions of aperiodic and
vibrational instability;
and — — — — denote natural

and forced circulation; R1

and R2 are the working points
of the HTLSR and MSBR reactors.

disposition of the D-curve, obtained for the case 7, = T3 = Ts = T¢ = 0 (curve 1), as was
also suggested above. )

With increase of the values of T1°/TM and Tao/TM (e.g., with increase of the system di-
mensions or reduction of the dimemsions of the moderator blocks), these parameters can trans-
fer to another characteristic region of the D-partition (see Fig. 2b) in which two branches
of the D-curve appear; one is located in quadrant II, where the region of vibrational in-
stability appears. With even larger values of T1°/TMs the D-curve has a single branch, but
still in quadrant II. 1In this case, the region of stability with inctease of Tio/Ty is re-
duced (see Fig. 2c).

From the analysis of the characteristic equation for the D-curve, it follows that a
region of asymptotic instability exists even for €p > 0 and ¢y > 0, i.e., in quadrant T of
the plane of D-partition [see Eq. (12) and Fig. 2], This is due to the stabilizing effect of
the delayed neutrons, since with increase of the reactor power the flow rate of the liquid
fuel is increased, which leads to an increase of the rate of removal of delayed neutron emit-
ters from the core, and thereby to a reduction of reactivity. This effect becomes less with
increase of the fuel circulation velocity, since in this case the fraction of delayed neutrons
is characteristic only for a reactor with natural fuel circulation.

723

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010004-7



Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010004-7

The D-partition, for a system with forced fuel circulation (G = const), is shown by
broken lines in Fig. 2. In this case, the singular straight line passes through the coordi-
nate origin, i.e., when ep > 0 and ¢y > O, the system is always unstable. Moreover, this
straight line is disposed more steeply to the axis of abcissa than the singular straight line
in the case of natural fuel circulation since, with G = const, the fuel temperature in the
core varies proportionally with the reactor power N, and in the case of natural circulation
a change of N leads to a change of G; in view of this, the temperature varies according to a
N2/3 law. It can also be shown that with a reduction of the steady power of the reactor No
in the case of natural fuel circulation, the region of stability in quadrant II of the plane
(e, €M) is increased.

We note that for a liquid-salt reactor with a graphite moderator, when e > O instability
does not present a great hazard, since the inertia of ey > 0 is greater than the inertta of
ep at the time Ty = 30-50 sec, and a reactor excursion is started only several tens of sec-
onds after injection of the perturbation. This excursion can be suppressed easily by the
control system.
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INDICATOR OF THE ENERGY DISTRIBUTION
IN THE RBMK-1000 FIELD

G. N, Aleksakov, S. A. Gavrilyuk, UDC 681.518:53.083,94
A. V. Kudryavtsev, and G. P. Terekhov

Indicators which sense the contact with the object to be controlled facilitate the.work
of an operator and increase the reliability of the entire man—machine system. Luminous model-
ing provides the operator with a pattern of the distribution of the quantity to be controlled,
e.g., of the energy distribution in the reactor core, in the form of a brightness field ob-
tained by reconstructing a continuous field from the data of discrete sensors [G. N. Aleksakov
and G. P. Terekhov, At. Energ., 48, No. 2, 103 (1980)].

A field of light sources can be produced on the screen of a cathode-ray tube by connect-
ing its grid to sensors through a switching circuit in synchronism with the beam sweep over
the screen and in accordance with the position of a sensor selected. In modeling without a
lens, the optimum reconstruction of the field of the energy distribution in the RBMK-1000 is
obtained with light sources in the form of plane rectangular areas. This or any other pattern
of light sources can be easily generated by deflecting the beam of the cathode-ray tube.

When a cathode-ray tube is employed, the field is generated in successive steps in distinc-
tion from the field of "parallel" sources (see the cited paper by Aleksakov and Terekhov).
Owing to the inertia of vision, the results of the modeling on a display screen are perceived
in both cases in the same fashion at high scanning frequencies. In the television display of
a brightness pattern the problem is solved by using a cathode-ray tube with long afterglow or
a photodetector with charge storage. Television standards prescribe a specified rate of
image formation; television kinescopes can provide high brightness.

Translated from Atomnaya énergiya, Vol. 53, No. 4, pp. 263-265, October, 1982, Original
article submitted June 2, 1981,

724 0038-531X/82/5304-0724%$07.50 © 1983 Plenum Publishing Corporation

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010004-7




Declassified and Approved Ff)r R;elease 2013/03/04 : CIA-RDP10-02196R000300010004-7
uyet, _ v

VRP HRP -
: GRS v (
b - | CTS cps ]
a1 T —. T
LN I I | ||
. B . 12 |- || |
S . . __4 | ! swW |
i PR | LV.S_E —_—— __J
7 l . .g :: : 2 - I
8 Tl 3 B o
8 ‘;E; -] | =[] & ‘_# sHrp | | A
R E SGLE | 12 ]_
! . ’ . hard .
& RIEIN ™. |
> U;;ﬁ ] . E . l
725 73 12
5 AN SCTCRNCIVOCHN I S N SN S 1
r g T ' I
| rnatching circuit 220 | !
| Fo v+ oVSPe « .« -] 1 | | Lo
I VSD ALSP i
| 1z 22 2 2 7 QG ' : VM
| {svre
| | Fsp
| C 625 MHSP AFSP l
‘} |
L_SS_g ______________________ _

Fig. 1. Structure scheme of the "Poleskop-5" field indicator: VSD) vertical
strip decoder; HSD) horizontal strip decoder; MHSP) monovibrator of the semiframe
synchronization pulses; AFSP) amplifier of the semiframe synchronzation pulses;
TPS) trigger pulse shaping circuit; SHRP) stage shaping the horizontal reference
pulses; SVRP) stage shaping the vertical reference pulses; ALSP) amplifier of
line synchronization pulses.

In the "Poleskop-5" indicator of physical fields a field of luminous sources is formed
in the standard television manner on the screen of a kinescope in accordance with the posi-
tion pattern of sensors detecting the energy distribution in the core of the RBMK-1000 re-

-actor. The sensors of the.energy distribution are placed at equidistant points of a 13 x 12

mesh. The televisiqn scanning field is accordingly divided into 13 horizontal and 12 verti-
cal strips. A rectangle at the intersection of the i-th horizontal strip with the j-th verti-
cal strip is modeled by the signal of the sensor situated at the point with the coordinates

y{ and x5 in the core.

Figure 1 shows schematically the structure of the luminous field generation in the '"Pole-
skop-5." Data on the energy distribution are derived from signals arriving from the ampli-
fiers correcting the field shape of the VET-02 instrument via an interface to switch S which
connects the signals U}, ..., Ulze in synchronism with the beam sweep over the screen and in
accordance with the sensor position. In this form of the interrogation a 13 x 12 matrix is
conveniently used as switch. A channel is selected by calling a line and column in accor-
dance with the sensor position at a minimum number of controlling signals. A sequence of
currents I(t) is obtained at the output of the switch. The signals currents are passed

through video-signal shaping stages (VSS) and a video amplifier (VA) and applied to the modu-
lator of the kinescope in a video monitor (VM).

The video-signal shaping stages convert the signal currents into a video signal. The
video-signal stages comprise circuits forming the total signal (CTS) and circuits forming the
deflection signal (CDS). The output of the circuits of the first type is the total signal
(TS), the amplitude of which is proportional to the absolute values of the parameter to be
monitored; the output of the circuits of the second type is the deflection signal which is
proportional to the deflection of the parameter to be monitored from the control point U

fo
The signal is selected with a switch (SW). re
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Fig. 2. Overall view of the "Poleskop-5" field indicator.

In order to determine the characteristics of the signal forming circuits of the luminous
field, on the screen a reference grid is generated along with the field pattern. The refer-
ence grid consists of narrow vertical and horizontal strips defining rectangular areas on the
screen., The brightness of all reference fields is identical and can be adjusted within O
and 100% of the maximum screen brightness by changing the U, ¢ voltage. The circuit in which
the signal of the reference strips is generated (CRS) is 1dent1cal with the other switch
channels.

A signal-system generator (SSG) generates a system of synchronous signals for control-
ling the blocks of the:signal-shaping stages. The system comprises line (LSP) and semiframe
(FSP) synchronization pulses (SP) for the videl monitor (VM), control pulses for the lines
of the vertical strip (VSP) and control pulses for the columns of the horizontal strips (VRP)
and horizontal reference strips (HRP). The control signals are obtained by successive divi-
sion of the frequency (4 MHz) of a quartz generator (QG).

The frequency and the duration of the controlling pulses are defined by the structure
of the image. In horizontal direction the size of the area is 4 usec and 20 lines in the
vertical direction of a semiframe; the width of the vertical reference strips is 0.5 usec;
the horizontal reference strip has a width of one line in a half-frame.

In order to measure the modulation characteristics of the channels, a particular adjust-
able voltage was applied to all inputs. By equalizing the brightmess of the reference grid
with each of the areas on the screen, the modulation characteristics Upq¢ 4 = £(Ujy) are
measured. The accuracy of the measurements depends upon the brightness discrimination thresh-
old of neighboring image sections and is better than 0.5%. For the assumptions made, the
modulation characteristics are not identical with an error of less than 3Z%.

The television indicator was tested when fields were modeled with a resistive grid. One
of the examples of field images is shown in Fig. 2a. In April of 1981 the Poleskop field
indicator entered into test operation 'in the Kursk Atomic Power Station. An example of the
field pattern in the second block of the Kursk Atomic Power Station is shown in Figure Z2b,

The authors thank the representatives of the Kursk Atomic Power Station, Yu. N. Filimon-
tsev, O, F. Safronov, and V. A, Shchigolev, for thelr support and practlcal help in building
and testing the "Poleskop-S" field indicator.
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DIFFUSION OF *3'I AND '°3Ru
IN SINGLE~CRYSTAL TUNGSTEN

E. S. Bekmukhambetov, D. K. Daukeev, UDC 539.219.3
Zh. R. Zhotabaev, and R. T. Musurmankulov

There has recently been a considerable increase in interest in diffusion and segregation
of impurity atoms in irradiated metals [1]. Segregation of alloy elements to defect sinks
(outer surfaces, grain boundaries, dislocations, pores, and so on) has been observed in a
wide range of alloys after irradiation by neutrons or charged particles at moderate tempera-
tures. Segregation has also been observed in experiments on quenching [2].

The possible segregation mechanisms include [3-5] the formation of mobile binary com-
plexes of vacancy-impurity atom type and interstitial atom-impurity atom type, as well as
fluxes of impurity atoms produced by the migration of free point defects to sinks. Consider
able significance is attached to the accumulation of data on impurity redistribution in ’
metals when there is a superequilibrium point-defect concentration.

Unique scope is offered by the diffusion of implanted fission products. The specimen
is irradiated in a reactor in contact with a fissilematerial, which can introduce various
fission products simultaneously. With this method, one has absolutely identical diffusion
conditions for all the fission-product atoms, while the specimen acquires a defect structure
that on subsequent high-temperature annealing very rapidly goes over to a comparatively
stable system of pores surrounded by regions with an excess vacancy concentration. The con-
centration gradients for the fission products, pores, and excess vacancies then give rise to
the correSponding fluxes on diffusion annealing. '

Measurements have been made by this method on the diffusion of *22Xe, '“°Ba, and '®2Te
in polycrystalline molybdenum [6, 7], which have shown that the concentration gradients of
these elements diminish during annealing, but that the diffusion is retarded as the radiation
dose increases, evidently because the fission products are trapped by traps of radiation
origin. Here we report results on the diffusion of **'I and '°°Ru in tungsten single crystals
of purity 99.99%. Circular plates of diameter 5 mm and thickness 2 mm were cut by electro-
spark means from a tungsten rod. The damaged layer was removed by grinding with diamond
paste and electropolishing in an aqueous NaOH solution. Then the specimens were annealed at
a vacuum of 4 x 10™° Pa at 2200°C for 3 h in order to eliminate the internal stresses and
were again electropolished. X~ray examination showed that the specimens made in this way
were perfect. The fission products were implanted at a temperature not above 100°C by irra-
diating the specimens in contact with a layer of enriched uranium in a VVR-K reactor by the
previous method [6, 7]. ‘

The fission-product dose was 1.2 x 10'*® fragment/cm®, The specimens after irradiation .
were kept for 20 days. Distributions of the implanted products before and.after diffusion
annealing were determined by removing thin layers by electropolishing. The relative concen-
trations of the fission products in the remaining part of the specimen were determined by ¥y
spectrometry. The diffusion annealing was performed in a vacuum of 4 x 10~% Pa at 2000°C
for 20 h for tungsten or at 1680°C for 10 h for molybdenum.

The integral distribution curves for *°'I and '°°Ru in molybdenum and tungsten before
and after diffusion annealing (Figs. 1 and 2) showwthat '°%Ru diffuses in the same way in
these metals. On the other hand, the diffusion of '*'I in tungsten is directed against the
concentration gradient, i.e., there is a process analogous to segregation of iodine at the
surface. This can hardly be due to diffusion of complexes of vacancy-impurity type by the
Johnsonm—Lam mechanism on account of the high annealing. temperature, but rather it is caused
by the inverse Kirkendall effect, i.e., displacement of the '2!T atoms in the opposite direc-
tion to the flow of excess vacancies due to the presence of pores. We examined molybdenum

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 265-266, October, 1982, Original
article submitted July 23, 1981.
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Fig. 1. Integral distribution profiles for '*'I in molybdenum (a) and tungsten (b):
®) initialy O) after diffusion annealing.

Fig. 2. Integral distribution profiles for *°?3

Ru in molybdenum (a) and tungsten (b):
®) initial; 0) after diffusion anmealing. '
specimens containing fission fragments in a transmission electron microscope and found that
the average concentration of pores of size 14-19 nm in the diffusion zone was 10'* cm—3
Therefore, in diffusion annealing at a high temperature there must be of excess vacancies into
the specimen, which can cause a flux of impurity atoms to the surface, which is [3]:

j=0,CDVICy,

where C is the impurity concentration; Dy, vacancy diffusion coefficient; Cy, vacancy concen-
tration; and gy, a coefficient characterizing the effects of vacancies on the diffusion mo-.
bility of the atoms [8].

Also, the reason for the segregation may be the considerable ascending diffusion of io-
dine to the surface of the tungsten caused by the formation of a compound and corresponding
reduction in the chemical potential [9].
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CHARACTERISTICS OF REFLECTED y RAYS
WITH A SHORT DISTANCE BETWEEN THE
DETECTOR AND THE SCATTERING SURFACE

V. I. Kulikov, K. K. Popkov, , UDC 539.166.3
and V., I. Titov

In order to ascertain the laws governing the formation of the scattered y~ray field with
a small distance between the detector and the scattering surface, an attempt has been made
to generalize the concept of albedo, which is used extensively in shielding calculations
(see, e.gv, [1]).

Suppose that a pencil monodirectional beam of y-rays of energy E, is incident on a flat
reflector at an angle 0, at a point with the coordinates, R, 6, ¢, specified in a spherical
coordinate system whose origin coincides with the incidence point of the primary beam, and
the flux density of the reflected Y rays of energy E is ¢ (R, 6, ¢, E). The effective albedo
can' then be introduced with the aid of the relation

R2cos 0D (R, 6, ¢, E)
Q 8y, Eo) T (1)

a(R, 0, 9, E, 8, Ej)=

where Q (8o, Eo) is the total number of y-ray quanta incident on the reflector per unit time.
For values of the distance R commensurate with the linear size of the scattering region,

a(R, 8, ¢, E, 8o, E;) determines a reflection characteristic similar to the differential cur-
rent albedo of y rays as far as sense and dimension are concerned. In this case,

oo}

ay(R)|ay(R=

fp(R)

L L 1

0 25 50 75 Rcm

Fig. 1. The fD(R) curve for the
dose albedo of a plane paraffin
scatterer: The points denote the
results of measurements; the
shaded region denotes the results
of calculations by the Monte Carlo
method; '*7Cs was the radiation
source; the incidence angle was

@0 = 45°; the reflection angle was
0 =175; 9= 0° Eo = 0.66 MeV,

Translated from Atomnaya Energlya, Vol. 53, No. 4, pp. 266-268, October, 1982, Origi-
nal article submitted December 1, 1981,

0038—531X/82/5304-0729$07.50 © 1983 Plenum Publishing Corporation 729

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010004-7




Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010004-7

TABLE 1. Energy UoOerriclents IOr (ALCULALLIlE DUSE dld LUSLEY ALUCUUS Liul dyse \7T/

Substance Albedo - bo by ba bs ¢ . d dg
Dose 0o | 0,003 | 5,1 3,06 | 0,0260 | 1,205 | 0,0333 | 14,98 | 0,0136
Water 180 | 0,0056 | 21,5 0,505 | 0,0356 | 1,050 | 0,0313 | 17,42 | 0,0464
Energy 0o | 0,005t | 7;58 297 | 0,025 | 1,214 | 0,0333 | 14,23 | 0,0125
180 | 0,0055 | 22,5 0,505 | 0.0356 | 1,053 | 0,0313 | 17,76 | ©0,0457
Dose o | o005 | o761 | 0361 | 0307 | 1,008 | 0,047 | 1,455 | 0,467
I 180 | 0.049 | 1,253 | o0.0112| 0,398 | 0,879 | 0,0464 | 1,417 | 1,033
ron Energy o | o004 | 082 | 0,343 | 0,201 | 1,048 | 0,0469 | 1,127 | 0,430
180 | 0,049 | 1,277 | 0,0117 | 0,397 | 0,880 | 0,0464 | 1,440 | 1,031
Dose o | 0,143 | 4,650 | 0,223 | 0,726 | 0,908 | 0,0462 | 2,48 | 1,633
180 | 0,023 | 4,28 0,0009 | 0,768 | 0,856 | 0,0301 | 5,43 | 1,987
Lead Energy 0o | 013 | 1,800 | 0,182 | 0,649 | 0,915 | 0,446 | 2,24 | 1,43
180 | 0,0185 | 4,42 00089 | 0,765 | 0,858 | 0,0387 | 5,57 | 1,97

=00)

a,(R)/ap (R

(R)

1 1 1 1
0 5 H(E)R 0 g " p(E)R
a
Fig. 2. Function fj(R) for dose albedo of plane iron
scatterer for different values of initial y-ray energy
Eo, MeV: 1) 0.25; 2) 1.0; 3) 2.0; 4) 4.0; 5) 8.0 [a)
6o = 0°, 6 = 85°, ¢ = 0°; b) 8o = 85°, 6 = 0°, ¢ = 0°].

1 1

2
a(R, 8, 9, 6y Eo)l g oo a8 @ Ey 6, Eo)s (2)

where a(8, ¢, E, 60, Eo) is the differential current albedo.

The dependence of the effective albedo on the distance has been studied by the Monte
Carlo method, using a special program. The effectiveness of the program was checked by com-
paring the calculated results with published data [1-4] as well as with the data of experi-
ments in which measurements were made of the dose effective albedo of a plane paraffin scat-
terer with dimensions of 100 x 100 x 150 cm for *®7Cs and ®°Co photons. The reflected Y
rays were detected by small SBM-10 counters with filters for correcting the energy dependence.
During the measurements the detector was moved along the direction (8, ¢) of the reflected
radiation. Figure 1 presents the measured and calculated effective dose albedo of paraffin
for various detector—reflector distances.

The computational program mentioned above was used for investigations to substantiate
the method of economical investigations [1] in calculations using the effective albedo. For
this purpose, in the range 0.28-8.0 MeV a series of calculations were carired out for water,
aluminum, iron, and lead scatterers. It was established that this method can be extended to

"the case of finite distances R between the detector and the incidence point of the primary
beam, provided that R remains constant on passing to equivalent incidence and reflection
angles. In most of the cases considered, for R < 100 cm when the method of economical in-
vestigations is used, the error does not exceed 15-20% for angular characteristics and 25-307%
for spectral—angular'characteristics. In cases when the real and equivalent angles differ by
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o)

)
&

ap(R} ap(R

o(R)

] | | . 1 ] 1
0 5 /t(E,,)RO 5 ,u(Eg)R
a b

Fig. 3. Function fD(R) for dose albedo of plane iron
scatterer for different values of the incidence angle
8o: 1) 0°; 2) 30°; 3) 60°; 4) 85° [initial y-ray energy
Eo = 2.0 MeV; a) 6 = 0°, ¢ = 0°; b) 6 = 85°, ¢ = 0°].

ap(R)/ay(R=c9)

fp(R)

0 5 A(EJR O 5 ulE)R

Fig. 4. Function fp(R) for dose albedo of plane scat-
terers of water.(a) at Eq = 0.25 MeV and 6, = 60° and
iron (b) at E; = 8,0 MeV and 6o = 60° for different re-
flection angles 6 '[1) 0°; 2) 60°; 3) 75°; 4) 85°] and ¢
[the solid line represents 0° and the dashed line, 180°].

more than 50°, the error of albedo determination grows to 70% for angular characteristics and
to 200-300% for spectral-angular characteristics. In this case, we observe a general ten-—
ency for the error to increase as E, and the atomic number Z of the. element decrease.

Examination of the dependence of the effective albedo on the distance R showed that for
R > 10-15 p~'(E,) we have

a(H,G, Q, E, 0, Eo)-—ﬂ(e, P, Ei'eo’ E())
a®, 4, Z, O, Eo) <ot 3

where u(Eo) is the linear attenuation factor for prlmary Y rays of energy Eo, for the material
of the reflector.

a(R, 9, g, 6, E,)

During the work, we studied the dependence of 2 (0, 9, 6, Ey) =f{(R 8, ¢, 80, E)) on the

distance R as applied to the numerical, energy, and dose albedos. Figures 2-4 give some re-
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sults of these calculatlons, carried OUT DY COE MONOLE LALLU UELLUUU, AllaiySid vl tus uacd
obtained revealed that the character of the dependence of the effective albedo on the dis-
tance R is preserved for substances with different Z, but the range over which f£(R) varies
decreases as Z grows.

In the region u(Eo)R < 10 the function f(R, 6, ¢, 0o, Eo) can be represented as an
empirical formula

2
(s et e 108 I
f(Rv 0, q)’em Eo)-—— &\’
(c: +m) (4)

1-Hd1? (Eg)+-d, o8 Bl R

where bo, by, bz, bs, c1, c2, d1, and d. are empirical constants whose values are given in
Table 1 for u(E¢)R > 10 we can assume that £(R) = 1 with an error not exceeding 207% in most
cases.

The results of the calculations from Eq. (4) differ from those obtained by the Monte
Carlo method by no more than 20-25%, the maximum divergence being 60%. The statistical error
of Monte Carlo calculations is 5-20%.

In conclusions, the authors thank A. N. Barkovskii and Yu. V. Kiselev for assistance with
the work. » :
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CREEP IN A CARBON—CARBON MATERTAL

Yu. A. Kalinkin, Yu. N. Podladchikov, UDC 621.039,532,2
0. P. Popov, V. N. Stetsyuk,
and A. R. Khenven

There is now an extensive discussion of the scope for using materials of carbom—carbon
type with high-tensile fibers (KUP-VM) as constructional materials for high-temperature sys=-
tems [1-3] including high-temperature gas-cooled reactors [4, 5]. The high strength perform-
ance of such materials is particularly pronounced for compressive loads.

The creep is considerably dependent on the structure [3, 6], so it is of interest to
determine the creep kinetics for material of KUP-VM type at high® temperature under compressive .
axial loads.

We tested cylindrical sleeve specimens made of KUP-VMSKM material® with a coke matrix of
diameter 60 mm, height ~100 mm, and wall thickness 5 mm. The density of the material was
1.3 g/cms. The specimens were placed in a rigid graphite holder and loaded with a graphite
plunger. The tests were performed for 1 h at 1800, 2200, and 2300°K at loads of 5 and 8 MPa.
A specimen was heated to the required temperature under vacuum, after which an excess pres-
sure of argon was set up in the apparatus (0.02 MPa). After the set temperature had been

*This material was developed by G. I. Babayants, V. I. Artem'ev, and O. V. Bokov; it is a
material of carbom—carbon type based on a coke matrix.

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 268-269, October, 1982. Original
article submitted November 3, 1981.
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Fig. 1. Axial deformation as a function of time for
T = 2300°K and o = 8 MPa.

Fig. 2. Dependence of the axial strain on time for
= 1800°K and ¢ = 8 MPa (1); 2200°K and 5 MPa (2);
2300°K and 8 MPa (3).

attained, the specimen was loaded by an axial force with a rate of 50 N/sec. The time re-
corder was started at the instant of application of the load and the axial strain was mea-
sured. The limiting errors in determining the parameters were not more than *0.4% for tem—
perature, *57 for force, and *2% for axial strain.

* Figure 1 shows a typical straimtime relationship, where ¢ = AH/H, is the relative axial
deformation (H, is the initial height of the specimen, while AH is the measured axial defor-
mation), while 1 is time. These creep curves show the elastic-strain part clearly together
with a transitional stage, after which the creep does not vary linearly, as for most construc-
tional materials, but with characteristic fluctuations.

This feature is clearly illustrated if the strain is represented in relative coordinates
(Fig. 2), where 6§ = (e — eo)/(ec — €o0) and eo is the strain at the end of the elastic-strain
zone To, with €, the strain throughout the test time t..

Each curve in Fig. 2 has been constructed from the results for several (two or three)
specimens, and the spread in € for the individual specimens at a given T was not more than
*6% of the mean value. . A similar picture was observed under all test conditions, which in-
dicates that the KUP-VMSKM material does not have a stage of steady-state creep. This fea-

ture must be borne in mind in developing designs to work at high temperature under compressive
load.
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FORMATION OF BUBBLES OF RADIOLYTIC
GAS IN POLYETHYLENE

N. N. Alekseenko, P. V., Volobuev, UDC 621.039.538:541.28
and S. B. Trubin

The radiolysis of polyethylene (PE) is accompanied by intense gas release [1], which
can lead to the formation of internal bubbles and bulges [2]. It has been established experi-
mentally that the stress—strain curves for crystalline polymers, including PE, consist of
three parts., Each of these parts represents a definite physical process in deformable PE
[3]. The largest deformation corresponds to the recrystallization process, and the stress
at which orientation of PE crystallites occurs is known as the recrystallization stress Opac-

During the radiolysis of PE the gas pressure in a bubble may become equal to the stress
Orece Further gas formation causes an increase in bubble volume at the constant pressure
P = Orece We assume that an increase in the gas concentration per unit volume in a sample
during the radiolysis of PE is related to the growth of gas bubbles.

Let us consider the formation of a gas bubble in a spherical microcavity. Elasticity
theory [4] gives the following expression for the components of the stress tensor in an infi-
nite medium with a gas bubble of radius R and an excess internal pressure P:

PR3
orr=099=°'cpqz=_'p_3"s @

where p is the distance from the center of the bubble to the point where the stress is deter-
-mined. It is clear from Eq. (1) that the stress is independent of the radius of the bubble,

and will be maximum at the gas—solid interface. Under these conditions the concentration of

the dissolved gas in a sample in which bubble growth occurs is described by the relation

ng = SP = 5 Opee = const,
where S is the solubility constant of the radiolytic gas in the sample.

Let us consider the steady-state diffusion of radiolytic gas from a sample into a vacuum
when gas bubbles grow in an infinite plate of thickness .. The diffusion equation describing
this process has the form '

d®n (x) _ '
DT—‘ —V(tv 1:), (2) V

where D is the diffusion coefficient of the radiolytic gas in PE, and v is the rate of gas
release. Since we are considering a steady-state process, in the first approximation we can
agssume that for a finite time v # f£(t). We assume that in the region of gas bubble formation
where the concentration of the gas is constant, and consequently the rate of recombination

of molecules of the radiolytic gas is also constant, the source function does not depend on
coordinates.

We write the boundary conditions for Eq. (2) in the form.

n(0)=n()=0. » : - (3)

.Fdr x=8and x=1—6, n= n; = const. Here § is the thickness of the surface layer of the
plate from which radlolytlc gas can reach the surface without the formation of bubbles. The
value of § can be found from the condition .

Translated from Atomnaya énergiya, Vol. 53, No. 4, pp. 269-270, October, 1982, Origi-
nal article submitted December 25, 1981.
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Fig., 1. Section of a pBlyethylene sam-
ple: a) before irradiation; b) after ir-
radiation, x 50.

} dn (z)
‘ ' dx

x=6

; ‘ (4)

Solving Eq. (2), taking account of (3) and (4), we obtain

5= ]/ 2DS 9rec
= ——_'V .

- (5)

We list certain physical characteristics of polyethylene 15902-020 [5, 6]:

DensSity &« o o o v o o o o o o o 0 oo .
Tensile yield stYess .« o« s o o o o «
Diffusion coefficient of hydrogen . .
Solubility constant of hydrogen . . .
Rate of gas release « « o« « o o o o

Since practically only hydrogen is formed in

the

characteristics into Eq. (5) and obtain 6 = 0.3 x 10~?

with the experimental value 6§ = 0.4 x 10~% m (Fig.

1).

e o« 918 + 1 kg/m®

¢+« 9.8 x 10° N/m?

e e« 4 x10*° n?*/sec

e e« 6.8 x 10*® 1/(m® « Pa)
e o o 4 x10%° 1/(m® - sec)

irradiation of PE, we substitute these
m, which is in satisfactory agreement

lathe from block material. The sample was irradiated in the IVV=2M reactor for 72 h under
the following conditions: ¢(E < 0.025 eV) = 2 x 10'® neutrons/cm®+sec, ¢(E = 1.15 MeV) =

’ The PE sample irradiated was a cylinder 0.04 m in diameter and 0.1 m long, tﬁrned on a
|

3.7 x 10'? neutrons/cm*+sec, T = 350°K.
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EFFECT OF THE GEOMETRY OF MEASUREMENT
ON THE ATTENUATION OF B PARTICLES

K. M. Erokhin, V. A. Masﬁinin, UDC 539.12,...17
and E. V. Skachkov

At present there is no analytic expression for the effective transmission coefficient
of B particles — the ratio of the number of recorded B particles which have passed through
a target of thickness d to the number recorded at d = 0. It was shown in [1-3] that the
value of the mass absorption coefficient of B particles which enters the widely used empiri-
cal expression for the effective transmission coefficient of B particles in the form of an
exponent depends on the geometry of the measurement, i.e., on the source—target and target—
detector distances, the target and detector dimensions, and the parameters of the incident B-
radiation collimator. This dependence was treated qualitatively in the references cited.
The lack of quantitative relations between the parameters describing the geometry of measure-
ment and the effective transmission coefficient necessitates special experiments to test the
empirical expressions in a given geometry.

We have derived an expression for the effective transmission coefficient for a mono-
directional beam of B particles passing through a slab target, taking account of the geometry
of the measurement. A uniform beam of radius rg is incident normally on an amorphous slab
target of thickness d and transverse dimensions appreciably larger than rp; n(Eo) is the B-
particle spectrum, normalized to unity, with a maximum energy Eax® A spherical detector of
radius rp with a 100% counting efficiency is located on the ax1s of the beam at a distance
R from the target. Suppose rg >> A(Epax, d), where A(Epgx, d) is the maximum transverse
displacement of B particles of energy Epax after passing through the target .of thickness d.
Then it can be assumed that, as in the case of a monodirectional monoenergetic normally inci-
dent uniform beam of electrons, the current angular distribution ¥(6, Eo, d) of the particles
passing through the target is determined by the target thickness d, the angle of deflection
6 from the normal to the target surface, and the initial energy Eo [4]. It is obvious that
in this case the irradiated spot on the target surface has a radius rg.

The number of particles which emerge from an element of the target surface and are
recorded by a detector at a distance ro from the axis of the beam is determined by the cur-
rent angular distribution ¥(8, Eo, d) cos 6 and the solid angle subtended by the detector
at this point. Summing the detector readings over the area of the irradiated spot and over
the spectrum n(E,), we find the total number of transmitted particles recorded by the detec-
tor. Dividing this expression by the number of particles recorded at d = 0, we obtain the
following expressions for the effective transmission coefficient:

Emax o«

n )
K@, Emax® B) :% dEgn (Eg) S OLdaS deg S ¥ (0, E,, d)cosOsinbdp for a1, (1)
o 0 0

=)

ax o

m
K @, Emax: %, B)=K (d, Emax. 1, B)--4 \ 2Egn(Eq) 3 da
0

o
dcpS b (0, Eq, d)cos0sin@dBfor og=>1, 2
0

ot

where the parameters of the geometry are ao = rB/rD; B = rB/R; ¢ is the polar angle; sin ¢' =
1/a; _

tg0’ =B (& cos ¢+ I—a?sin¢); 1g8 =B (& cos ¢ —V {—asin?g). (3)

Translated from Atommaya ﬁnergiya, Vol. 53, No. 4, pp. 270-271, October, 1982, Origi-
nal article submitted December 30, 1981,
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The presence of two expressions. for K(d, Ep,., @0, B) is due first to the difference
in the definitions of the number of recorded particles at d = 0 for o <1 and oo >1, and
second to the impossibility of describing.the limits of integration by a 'single expression.

Analytic expressions for the function ¥(6, Eo, d) for arbitrary values of d, Eo, and
0 have not been obtained so far. However, an analysis of the experimental angular distribu-
tions shows that for a target thickness d larger than the diffusion length dp(Es) of elec-
trons of energy Eo, the current angular distribution follows the law B (8) = cos?® 0 for ma-
terials with atomic number Z < 30, and B (68) = (cos 6 + 0.717) cos 6 for Z >50 [5]; i.e.,
¥(8, Eo, d) cos & = P(E,, d) B (8), where P(E,, d) is determined from the condition

n/2
F(d, E)=2n P (0, E,, d)cosOsinbdb. )
0

Here F(d, Eo) is the total transmission coefficient for a normally incident beam of electrons
of energy Eo, passing through a target of -thickness d — the ratio of the total number of
particles passing through the target to the number of particles incident on the target. Then
for a thickness d > dD(Emax) the expression for the effective coefficient takes the form

K(d, Emax, @9, B)=K (d, Epax) f (2, B), (5)

-where K(d, Ep,y) is the total transmission coefficient for 8 particles with the spectrum
n(Eo) passing through a target of thickness d; f(a,, B) is a factor describing the effect of
geometry, which for a¢ << 1 has the form

Y

[+ 1} n Y
5 oda S do 5 P (0) sin 6 40
f (09, B)= 2 0 0 0
(1] naﬁ n/‘z ’ ] (6)
S B (0) sin 640 ’ ’
0
and for o > 1
g @’ o’
2 S ada S do S B (6) sin0dO
f (g By=1 (1, B ——p—t |
n S B (6) sin 0 40 7
0

The form of the function B(6) which appears in Eqs. (6) and (7) is determined by the
target material; i.e., the values of f(ao, B) also depend on the target composition. It was
noted in [2] that the graphs of K(d, Enaxs @®o, B) vs target thickness for d > dp(Epay) are
parallel for measurements in different geometries. This is explained by the presence in Eq.
(5) of the factor f(ae, B) which depends on the geometry of the measurement.,

The quantity A(Ep,y, d), which limits the applicability of the expressions derived,
[ reaches a maximum Ap.. (Epay, d) = 0.3 L(Epax)s Where L(Eps%x) 1s the maximum range of elec-
trons of energy Ep,, in the target material [6]. Thus, for electrons with Epax = 2 MeV,

Amax = 1.2 mm in aluminum, while in lead Amax = 0.4 mm, which are appreciably smaller than
the beam dimensions used in practice.

The experimental expressions were tested on an arrangement consisting of an aluminum
screen which was opaque to B particles and had openings for attaching a ring with a target.
By changing the inside radius of the ring the parameter ao was varied from 0.24 to 5.3. A

737

Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010004-7




Declassified and Approved For Release 2013/03/04 : CIA-RDP10-02196R000300010004-7
type BIS-M *°Sr + °Y B-particle source with a 1.5-mm-diameter active portion was located
110 mm from the screen. Particles were recorded with an. L6A semiconductor detector. By
changing the detector—target distance from 3 to 70 mm the parameter B was varied from 0.09
to 2.1. Measurements were performed for two aluminum samples 1 and 1.3 mm thick, and two
lead samples 0.1 and 0.14 mm thick. The effective transmission coefficient was defined as
the ratio of the number of recorded particles which had passed through the target to the
number of particles recorded by the detector located at the target. This was made necessary
by the divergence of the incident beam. The experimental values of the coefficient
foxp(®0, B) were found from (5) by using K(d, Enax) found in these same experiments, and the
calculated values f.51(ao, B) were obtained from (6) and (7) by using B(8) = cos 6 for
aluminum and B(8) = (cos 6 + 0.717) cos 0 for lead. The error of the determination was 5%.
The calculated and experimental values f.51(@¢, B) and fexp(ao, B) are in good agreement,
which indicates the correctness of the expressions derived.
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MECHANISM OF FORMATION OF DEPOSITS ON HEATING
SURFACES COOLED BY ORGANIC COOLANTS

A. I. Gavrilin, N. G. Gataullin, B. A. Mikhailov, _ UDC 621.039.534.7
V. E. Fedoseev, and Yu. V. Chechetkin

When using organic liquids as coolants for nuclear reactors, deposits are formed on the
surface of the fuel elements, consisting of impurities and polycondensed products of the
radiation-thermal decomposition of the coolant [1-3]. Having a relatively low thermal con-
ductivity and considerable roughness (A = 0,4-0.8 W/ (m-°K) and 6§ = 50-150 um [1l]), the de-
posits impair the thermohydraulic characteristics of the fuel-element assemblies and reduce
their transmission cross~section, which leads to a shortening of the operating period and a
reduction of the technicoeconomic indices of nuclear power plants.

The formation of deposits in a reactor is a complex physicochemical process, which is
affected by numerous factors: the chemical and factional composition of the coolant, tempera-
ture and hydraulic conditions, radiation intensity, etc. As a result, when studying the
process of formation of the deposits, the role of experimental investigations increases
— in particular test-rig investigations — allowing the effect of the individual thermohydrau-
lic parameters to be distinguished. In the present paper, the results are given of test-rig
investigations of the effect of the temperature of the heating surface (T) and the coolant
velocity (W) on the formation of deposits,

The investigations were conducted with natural and forced coolant circulation, for which
the coolant of the primary circuit of the ARBUS nuclear power plant was used — ditolylmeth-
ane(CysHy¢), which is a compound of the diphenylmethane series [3].  In the first case, a
pyrolytic capsule of stainless steel was used, similar to that used in [1], with 260 g of
coolant in which the experimental section (ES) was immersed; this was a stainless steel tube
with a diameter of 1.6 x 0.16 mm and a length of 7.8 cm, The ES was heated by the direct
passage of an electric current through it.  Experiments with forced circulation were conducted
on a closed circulation test-rig with a volume of 0.3 m®., Tubes of carbon steel were used
as the ES, with a diameter of 12 x 1.5 mm and a length of 1 m, The ES were connected to the

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 271-272, October, 1982. Origi-
nal article submitted May 5, 1982,
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Fig. 1. Dependence of the mass of deposits (10~* for
natural circulation) on the time for natural (a) and
forced (b) circulation: %) m = 400 (1 — e~4.3° O-”);
2) m = 26,6 (1—e-2:2°107"Ty, 3) p s 19.5 (1 —
e—l,S-lO‘ST); ) m=79 1 — e~ .7-10 GT); ®) experi-
mental data for Cy ; = 6%3 Cpy = mg/kg; T = 553°K;
W = 2.6 m/sec; ) natural circulation for Cp ., = 13%;
Ccp = 2 mg/kg; T = 608°K; @) natural circulation for
Ch.b, = 13%; Co; = 2 mg/kg; T = 553°K; 4) for Ch.b. =
13%; Cpy = 2 mg}kg; T = 553°K; W = 1.5 m/sec; o, 0f)
for natural circulation with T = 608°K after the experi-
ments with T = 120 and 24 h, respectively; Cp,p, and
Ccy are, respectively, the concentrations of polycon-
densed high-boiling products of radiation-thermal de-
composition and chlorine in the coolant.

load circuit of the rectifier unit. During the experiments the coolant velocity, the pres=—
sure in the test-rig, and the power applied to the ES were maintained constant., The mass of
the deposits was determined as the difference in mass of the ES samples with the deposits
and after removal.

In experiments of different duration on the pyrolytic capsules, it was established that
the main mass of the deposits is formed approximately in the first 40 h, after which. the
intensity of deposition decreases and the mass of deposits remains almost constant (Fig. 1,
curves 2 and 3). The speed of arrival at the steady-state level and the amount of deposits
in this case depends on the temperature of the experimental section and the difference be-
tween the temperature of the ES and the coolant. Repeated tests of the coolant with the
same parameters but with a new ES do not lead to the formation of deposits. Similar results
were obtained earlier in [1, 4]. It can be supposed that the steady state is determined by
the conversion into deposits of a material, capable of precipitation in these conditions.

With increase of the temperature of the ES, the range of compounds capable of precipitation

is widened. The mass of the stationary deposits is directly proportional to exp(—E/kT), where
E is a certain energy of activation, J; k is Boltzmann's constant (Fig. 2, solid curve).

From the results of experiments on the arrival of the steady state with different values of

T, E and the coefficient C can be determined from the condition mo = CVgyp(—E/KT), where mo
is the mass of deposits in steady-state conditions; V is the volume of coolant. In order to
identify the substances responsible for the formation of the deposits, it is necessary to
investigate the chemical and fractional composition of the coolant before and after the experiment.

The experiments on the circulation test-rig were conducted with a coolant velocity of
1.5~5 m/sec and a surface temperature of the ES of 423-635°K. The mass of the deposits is
proportional to the temperature of the ES (see Fig. 2), and the steady-state value for pro-
longed (20-30 days) experiments (see Fig. 1, curves 1 and 4). In view of the volume of cool—
ant considered in the test-rig, it is probable that a reduction of the concentration of ma-
terial in these conditions cannot be the reason for the cessation of growth of the deposits.
This is confirmed also by the formation of the very same amount of deposits on the new ES
placed in the test-rig after the first ones. It was supposed that the state of dynamic
equilibrium of the deposits is caused by the equivalence of the force of adhesion of the
particles to the surface [5], attenuating in proportion to the increase of thickness of the
deposits, and the force acting on a particle from the direction of the moving liquid — the
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Fig. 2. Dependence of the mass of the
deposits (10~ for natural circulation)

on the surfgce temperature; m = 2200
e=3.6°10-20/kT (for natural circulation);
A. @ and 1w ) experimental data for W =
1.5, 2.6 and 5 m/sec, respectively; ¢)
natural circulation (capsules) for Ch.b. =
6% and Cpp = 2.5 mg/kg.

erosive force [6]. It is obvious that there will be no reduction of the cohesive forces with
increase of the thickness of the deposits in a reactor where, under the action of radiation,
chemical bonds are formed in the deposits. The coolant velocity will doubly affect the
growth of the deposits: on the one hand to intensify the mass transfer due to.diffusion and,
on the other hand, to increase erosion. The ratio between these processes depends to a great
extent on the effective diameter of the particles forming the deposits., The calculation of
the masses of the deposits, taking account of mass transfer due to diffusion [6] and the -
transfer of particles due to thermo-emf [7], coincides satisfactorily with the experimental
data shown in Fig. 2. The reciprocal dependence of the velocity (WW~'+’%) confirms the pres-—
ence in the coolant of quite large particles (5~15 uym). By using a relatively pure coolant,
a direct dependence is observed for the growth of the deposits on the coolant velocity
(WWOeS=1.0y 11, 2]. ' '

Thus, the test-rig experiments have allowed the dependence of the formation and growth
of deposits on the thermohydraulic factors to be established, and the experimental results
coincide satisfactorily with the calculated results, obtained on the basis of the considered
mechanism of the process.
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TEMPERATURE FIELDS OF ELECTRICITY GENERATING
THERMAIL EMISSION ELEMENTS IN CHANGES OF THE
WIDTH OF THE GAP BETWEEN THE ELECTRODES

A. G. Tsitsin . » UDC 621.362

Though a system for spacing the gap between the electrodes has been provided, during
the operation of an electricity-generating thermal emission element the width of the gap can
be modified by the influence of fields up to the full size of the gap and, hence, until the
electrodes come in contact with each other (usually in the central cross section of an elec~
tricity-generating element). A short circuit in the electrical circuitry of the elements is
then the consequence. The possibility of such a hypothetical case has been treated in service-

life testing and in investigations made on electricity-generating elements after their stay
in a reactor. [1, 2]. :

We present in this work an algorithm for calculating the temperature field of coaxial
electricity-generating elements. The algorithm was developed on the basis of a mathematical
model of nonstationary heat conduction in complicated composite bodies [3]. The nonuniformity
of the heat exchange in circumferential direction over the outside of the jacket of the
electricity-generating element was disregarded. As in [4], the discrete microspacers are
considered "smeared" into a continuous ring. It is therefore possible to solve the axially
symmetric problem of heat conduction. It was assumed that the heat exchange in the gap be-
tween the electrodes takes place by radiation, heat conduction through a mixture of gases in
the gap, and "electron cooling." The density of the thermal emission current in the gap was
assumed to depend not only on the electrode temperature and the cesium pressure in the gap
but also upon the width of the gap between the electrodes.
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Fig. 1. Distribution-of the temperature along the electrodes of an electri-
city-generating element (II) with spacers (IV and V) and along the end-face..
sections (I and ITI) for qy =4+10° W/m® and A=r =%, =0.00025m; 1) A ¥=0141;
2) Ag=0.2W/me°K [4]5 3) A2 =1,0W/m+°K [4]3 4) A% =0; 5) A\X # 0 (85 = 0.0002 m) -

Translated from Atomnaya ﬁnergiya,’Vol. 53;‘No. 4, pp. 273-274, October,v1982. Origi-
nal article submitted February 18, 1982, '
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Fig. 2. Temperature field of an electricity-generating‘element for qy = 4+10° W/m?®
and A = 0.00025 mj; —*——) §g = 0; —— — — ) §g = 0,0002 m, Isotherms 1-4) 2700, 2400,
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Fig. 3. Temperature field of an electricity-generating element for
v = 4+10° W/m®; &g = 0.0002 m;
0.00015 (—*—+—). Isotherms 1, 2) 2200 and 2600°K, respectively,

It was of interest to compare the results of the calculation of the electrode tempera-
ture in an electricity-generating element according to the model proposed with the results
according to the model of [4]. An electricity-generating element with a tungsten emitter of
diameter 2rg = 0.01 m, length 7o, = 0.03 m, and a microspacer of diameter 2rg = 0.007 m and
length 75 = 0.003 m [4] was chosen for our studies. Figure 1 exhibits the results of tempera-
ture calculations of both the electrodes and the faces of an electricity-generating element
(curves 4 and 5). It follows from a comparison of curves 1 and 4 that differences not exceed-
ing 37 were obtained in the calculations made with the various methods when no heat leaks off
through the belt of spacers the effective thermal conductivity Xs of which was assumed as
zero. This result of 3% can be considered a confirmation of the usefulness of the proposed
algorithm. Assuming that the emitter temperature (curves 2 and 3 of Fig. 1) was attained at
a width 85 = 0.0002 m of the contact zone (indentations made the spacers in the emitter body),
the calculated coefficient of thermal conductivity Ag of the beryllium oxide was 5.3 and
26.5 W/m.°K. The temperature dependence of the coefficient of thermal conductivity of the

beryllium oxide was taken into consideration in the proposed model [5]. This accounts for the

position of curve 5 between curves 2 and 3 (see Fig. 1), because for Tg ~ 1650°K the value

Ag =17 W/m+°K is obtained. The form of curve 5 confirms the conclusion of [4] that the tem—
perature profile along the emitter is bell-shaped. The temperature distribution correspond-
ing to the time at which a stationary temperature field had been reached in the electricity-
generating element is shown in Fig. 2, where the outflow of heat from the emitter to the
collector (for 85 = 0.0002 m) through the spacers (zones IV and V) and the switching connec-
tion piece (zone III), as well as the overflow of heat over the gas-removal system, are clear-
ly noticeable.

In [6] a mathematical formulation of the thermal resistance problem of an electricity-
generating element was proposed, the element being ''matched" through a boundary condition in
the gap between the electrodes. But the model disregarded the heat exchange near the end
faces of the electricity-generating element. The proposed improvement of the model has shown
that the heat transfer from the emitter to the collector (in zones III, IV, and V) must not
be disregarded (see Fig. 1). Let us analyze the influence of the size of the gap between the
electrodes upon the temperature distribution in the electricity-generating element (Fig. 3).
When the gap between the electrodes is reduced, the intensity of "electron cooling" of the
emitter is enhanced, and vice versa. On this occasion the temperature T(res le/2, t) changes
from 1895°K (at A = 0,00015 m) to 2085°K (at A = 0.00035 m).. Thus, when this effect is dis-
regarded in service-life considerations, a substantial error can be made in the determination
of the temperature fields and the energy characteristics of an electricity-generating ele-
ment.
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CALCULATIONS OF THE IRRADIATION
CHARACTERISTICS IN REACTOR TESTS

production of fuel elements.
and in the tests can differ substantially.

E..S. Glushkov, N, N. Ponomarev-Stepnoi,
and I. G, Timofeev

UDC 621.039.52.034.3

Reactor testing in- looping channels of research reactors is one of the stages in the

The conditions of operation of fuel elements in a real reactor
Thus, there arises the problem of selecting con-

ditions of fuel-element testing in looping channels and of comparing the results with specifi-
cations.

Apart from the energy parameters (heat liberation and energy delivered), the operational

i
l
T

capacity of a fuel element in a reactor depends upon the conditions of irradiation mainly by

fission products and neutrons.
of their production and accumulation.

The interaction of the fission products is given by the rate
The number of atoms displaced under the influence of

neutrons per atom of the material considered (i.e., the quantity dpa) can serve as a measure

of the irradiation by fast neutrons.

The quantity characterizes the influence of neutron

irradiation upon the properties of a material in a better way than the flux of neutrons with
an energy above some threshold value of the activation of some threshold detector [1].
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Fig. 1. Scheme of an initial cell on the plane-for
calculating PG~100: 1) PG-100; 2) working channels

of the reactor for materials testing, the channels

surrounding the looping channel PG-100,

Fig. 2. Dependence of 1) d, 2) (P , and 3) the

ratio thereof upon the fuel enrichment in a fuel .
element sphere for the shells of centrally located

microfuel (— — —) and of a fuel element sphere

¢ ) .

Translated from Atomnaya ﬁnergiya, Vol. 53, No. 4, pp. 274-275, October, 1982.

Origi-

nal article submitted April 16, 1982.
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In order to determine the conditions of operation of fuel elements and other reactor
design elements, we developed a method used in the form of the set of DAM programs [2] on a
computer. The method makes use of the discrete ordinate technique [3] or the Monte Carlo
technique [4] so that the neutron-physics parameters of looping channels in reactors with a
complicated structure and a large number of strongly absorbing materials can be determined.

The set of DAM programs and the system of constants of [5] were used to compare the
conditions of operation of fuel-element spheres in VIGR and in fuel-element tests in looping
channels of a research reactor for materials testing [6, 7]. The results were used to cal-
culate the power, the depth of the burnup, and the rate of generating displaced atoms with
approximation formulas for the testing of fuel elements in the reactor for materials testing.

The results of investigations made under the conditions of testing fuel-—element spheres
of the VGR-50 reactor [8] in the looping channel PG-100 of the reactor for materials testing
{9, 10] are listed in Table 1. Figure 1 shows the initial configuration of the cell selected
for the calculations with the PG~100 in the scheme. Those portions of the operational chan-
nels of the materials' testing reactor which are included in the cell of the calculations are
shaded, A cell containing one fuel-element sphere to be tested was singled out along the
height of the PG-100, The fuel-element sphere was made from graphite and had dispersed in
1t uranium dioxide microfuel with a multilayer coating of pyrocarbon and silicon carbide. The
technique of discrete ordinates was used to calculate a two-dimensional cylindrical cell of
equlvalent volume in the multigroup approximation.

It is difficult to guarantee full identity of the test conditions of :fuel-element
spheres in the PG-100 of the testing reactor and the conditions of operation in the VGR-50
reactor. With a 21% enrichment the average thermal power of a fuel-element sphere in the
PG-100 is greater than the average power delivered in the fuel elements of the VGR-50 reactor.
The increased fraction of heat liberation in the fuel element by the y quanta of the materials'
testing reactor must not be forgotten.

Interesting results were obtained for the dependencies of‘dpa and the fast neutron flux
in the fuel-element jackets and in the microfuel-element jackets upon the fuel enrichment in
the fuel elements testéd in the PG-100 looping channel.

Figure 2 shows the dependence of the rate of generating displaced atoms d and the flux
density ¢ of the fast neutrons upon the fuel enrichment for the shell of microfuel situated
in the central portion of a fuel element and for the shell of the fuel-element proper at a
fixed power in the surrounding channels. The increase observed in d and ¢ is related to the

TABLE 1. Conditions of Neutron Irradia-
tion of Fuel-Element Spheres

Parameters \égR-‘ MR(PG-100)

Thermal power (MW) of the
reactor 137 | 30 | 30 | 30 | 30 ] 30
Fuel enrichment( %) in fuel- ot |1 L2t | 36| 45| 90
element spheres

Av. neutron power (kW) of a fuel- 1,2 |0,04l0,76/1,22[1,48/2,62
element sphere
Power (kW) liberated in a fuel- — {0,80/0,80[0,80{0,80[0,80

element sphere by the y quanta
of materials' testing reactor )

Av, thermal power (kW) of fuel - 1,2 lo,s4|t,56]2,02]2,28]3,42
element sphere

Time (days) of operationwith 200 | 200|200 200|200 200
power ) v

Initial load (g) of uranium in a 2,43 |2,48(2,43{2,43(2,43|2,43

fuel-element sphere

Depth of burnup (10=* MW -day/ 9,4 lo,26|5,1 18,3 | 10 ] 18
ton) and dpa (displacement / 0,49 Jo,30]0,36)0,40J0723)0,53
atom)* 0,42 [0,30l0,33]0,34]0,35l0,38

Neutron flux (10-2°neutrons /cm?) | 7,4 {6.1[6.5 (7.0 [7.2 [8.3
atE>0.18* 7,4 |6,1[6,5 6,7 [6,8 |7,4

*The first number refers to the shell of
microfuel disposed in the central portion
of a fuel element; the second number refers
to the shell of a fuel-element sphere.
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Fig. 3. Chronogram of the basic parameters of a
‘fuel-element cphere situated in the central portion
with respect to the height of the PG-~100 looping chan-
nel: 1) power of the materials testing reactor; 2)
neutron power in the fuel-element sphere situated in
central position relative to the height of the PG-100;
3) flux of fast neutrons (with E > 0.18 MeV); 4) depth
of the burnup B (%) of the fuel; 5, 6) dpa for the
shells of a centrally located microfuel element and a
fuel element gphere, respectively.

increased number of fission events in the fuel elements tested, because the amount of material
undergoing fission in the fuel elements is increased. Under these conditions d does not
change proportionately to the flux density of the fast neutrons.

The fact that the rate of generating displaced atoms and the flux density of the fast
neutrons are not proportional can be explained by the fast neutrons of the materials' test-
ing reactor, which are incident on the fuel element tested from the channels surrounding the
PG-100 (neutrons of materials testing), and by the fast neutrons produced in the fuel-element
proper  ("intrinsic" neutrons). All these neutrons participate in the displacement of the
atoms of the fuel-element materials. The "intrinsic' neutrons are characterized by a harder
spectrum than the neutrons from the materials testing reactor.

The results of the calculations were used to develop a program technique which is
based on approximation formulas and executed as program on the BESM-6 computer. The program
technique allows the immediate calculation of invariable parameters during the testing of
fuel elements in the PG-100 (Fig. 3).
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